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14 CHAPTER 1. INTRODUCTION AND OUTLINE
1.1 Background
Almost all industrial and agricultural processes in the world use water for a wide
variety of purposes. Water resources in the world, however, are limited. About
2.9% of the water in the world is fresh water, of which about 2.2% resides in
glaciers and polar caps [46]. Mean while industrial development and growth of
the world’s population increases the demand for drinking water, food and prod-
ucts, thus increasing the pressure on these limited water resources. Therefore,
intake of fresh water and disposal of communal and industrial wastewater is a
subject of general concern. This being recognised by many governments, com-
panies and farmers, urges them to search for technologies to limit their water us-
age and maximise reuse. Besides that, more stringent environmental regulations
also force industry to minimise spills, both of water as well as the constituents
thereof. Hence, there is a growing need for water recycling, recovery and multi-
sourcing strategies. In almost all cases of water usage or reuse some sort of water
treatment is needed to obtain the water quality needed.
Water technology incorporates the water treatment techniques used for water pu-
rification and content recovery. Water treatment often consists of several steps,
each of them removing different kinds of constituents or pollutants. These steps,
called "unit operations" can be divided into chemical, biological or physical pro-
cesses and hybrids thereof. A chemical treatment process may involve a chemi-
cal reaction resulting in insoluble solids precipitation, which is then followed by
physical settling or filtering. Biological processes use micro-organisms like bac-
teria or algae to remove dissolved organic matter, nitrogen and phosphorus from
(waste)water. Physical processes use the laws of physics and constituent prop-
erties to purify water, like gravitational settling, centrifugation, granular media
filtering and evaporation. The type of treatment chosen depends mainly on the
substances which need to be removed. These substances in water can be divided
into three main categories:
• soluble matter, like salts and organic acids;
• insoluble matter, like oil and fat, but also particulate matter, like sand, clay
and insoluble salts and organics;
• micro-organisms, like bacteria, algae and viruses.
The increasing need for water and material reuse drives the innovation of new
technology. One of the new technologies being investigated for water purifica-
tion and recycling or constituent recovery is ultrasonic particle separation, which
15
is the subject of the current study. In this technique, mainly known from cell
harvesting in biotechnology [9, 20, 31], high frequency ultrasound (MHz range)
is used to concentrate suspended particles in water. This technique is especially
interesting for harvesting or removal of particles with an almost neutral buoyancy
with respect to the surrounding liquid [30].
Other comparable techniques available mainly consist of various types of filters,
like depth filters (sand/anthracite), surface filters (cloth) and microfiltration units
[63]. The disadvantage of these types of filters is that they always use a medium:
the material that causes some particles to pass the filter, while others are retained.
This filter usually becomes clogged at some point in time, causing the perfor-
mance to deteriorate. At that point the filter needs cleaning, usually in the form
of a backwash operation: clean water flushes the filter for a short time with a flow
opposite to the direction of flow used during the filtering operation. Moreover,
filters get polluted by bacterial growth, which is generally a problem in filtration
membranes. Thorough cleaning of these conventional filters usually requires ad-
ditional chemicals to reduce biological growth and scaling. Recovery of valuable
(biological) particulate matter with conventional filtering techniques is usually
not effective, since the particulate tends to clog the filter and becomes difficult
to reclaim. An alternative techniques to recover particulate matter is centrifuga-
tion 1, which imposes large shear stress to the particles and usually is not energy
efficient.
1.2 Problem formulation
For both water purification and particle recovery, it would be very beneficial if a
filter exists, which does not use a filter medium, but which filters on a basis other
than a porous structure. Acoustic filtration using ultrasound might be a viable
alternative, because it does not show any of the above mentioned disadvantages,
simply because there is no filter medium.
1.3 Objective
The objective is to develop an ultrasonic separation device for particle recovery
and water purification, which is fit for industrial applications, rather than biotech-
nology or related medical fields. This change of focus from biotechnology to
1Hydrocyclones can also be used for particle removal/recovery, but are less effective for near-
neutral buoyant particles.
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process industry incorporates device scaling, which in turn involves issues re-
lated to optimal size, efficient control strategies, separation efficiency and energy
demand. Therefore, the research questions imposed are:
• What is the optimal size and configuration for an acoustic separator capable
of handling large flows of several cubic meters per hour?
• What separation efficiency can be obtained with this device and how will
efficiency be determined?
• What is the minimum power required, given a predefined efficiency and
flow rate, to acoustically filter small, near neutral particles (> 10 µm, 1100
kg/m3) from water?
• What control strategy should be used for optimal operation of an industrial
scale acoustic separator?
In order to investigate these issues in a consistent and reproducible manner, a
combined numerical-experimental approach is proposed. Numerical simulations
are continuously cross-checked with experimental findings in a design loop, thus
validating the design approach taken. An important advantage of numerical simu-
lations is the speed at which design changes can be evaluated and adapted without
the need to construct any of the intermediate products. The main disadvantage
of simulations is that there is always a certain extent of uncertainty with respect
to the real situation. Nevertheless, simulations also allow robust design, which
eliminates the effect of small discrepancies encountered in reality. In this study,
system optimisation using a step-wise numerical-experimental approach is ap-
plied to improve the performance of ultrasonic separators, contributing to the
feasibility of these devices for industrial use. Optimisation of macro-scale ultra-
sonic separators by this approach has not been reported in literature.
1.4 Thesis outline
The background of acoustic separation and its applications are presented in Chap-
ter 2. The theory is backed up with an experimental and numerical demonstra-
tion of the principle in ambient air. The combination of experimental work and
numerical simulations was adopted in the analysis and redesign of the separa-
tion chamber. The initial design studies focused on modelling and validation of
the piezoelectric transducer, the actuator of the system, as outlined in Chapter
3. Secondly modelling and validation of an existing separator chamber (cuvette)
17
was performed and described in Chapter 4. The basic design principles of a
new ultrasonic separator is the subject of Chapter 5, which was then extended to
an optimised new design in Chapter 6. The numerically optimised design was
built and evaluated as presented in Chapter 7. The entire study concludes with
a model-based open loop control strategy and associated efficiency for separator
performance control in Chapter 8. Finally, the discussions and conclusions, fol-
lowed by a synthesis and future perspectives are covered in the last two chapters.
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2. ACOUSTIC SEPARATION PRINCIPLE
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2.1 Theoretical background
Acoustic separation is based on the principle that acoustic pressure exerts forces
on particles with different density / sound propagation properties in a fluid or gas.
The technology has been under investigation only during the last two decades,
even though the theory for this technique was established already in the first half
of the past century. In 1934 King [47] derived an equation to calculate the forces
acting on a particle in a one-dimensional, acoustic field. Gor’kov used a different
approach to establish similar results, though in an arbitrary acoustic field [27]. An
extensive derivation of the acoustic radiation force F rad [N] acting on a particle
is given by Bruus [10], based on the work of King and Gor’kov.
In summary, the analysis by Bruus starts with the conservation of fluid mass
inside a given volume, resulting in the continuity equation,
∂ρ
∂t
= −∇.(ρv) (2.1)
with ρ the fluid density in [kg/m3], v the fluid velocity in [m/s] and∇ = [ ∂∂x ∂∂y ∂∂z ]T .
Equation 2.1 states that the change of density of a small volume of fluid in time
is similar to the net mass flow into this same volume. Then the Navier-Stokes
equation for fluid flow is derived from the conservation of momentum, giving,
ρ
[
∂v
∂t
+ (v.∇)v
]
= −∇p+ η∇2v + βη∇(∇.v) + ρg (2.2)
with p the fluid pressure [N/m2], η the dynamic viscosity [Ns/m2], β the viscosity
ratio of the compressible fluid [-] and g the gravity vector. Equation 2.2 states
that the sum of the change of momentum in time and the convection is equal
to the sum of the negative pressure gradient, viscous terms and external forces
(gravity), which is the equation of motion for fluid flow.
Taking these two equations and introducing small, first order perturbations to ρ
(ρ = ρ0 +ρ1) and p (p = p0 +c2fρ1, with cf the speed of sound in the fluid [m/s])
and assuming v = v0 + v1 with v0 = 0, while also neglecting external forces,
the following expressions are found
∂ρ1
∂t
= −ρ0∇.v1 (2.3)
ρ0
∂v1
∂t
= −c2f∇ρ1 + η∇2v1 + βη∇(∇.v1) (2.4)
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Taking the time derivative of equation 2.3 and inserting equation 2.4 with∇.∇ =
∇2, ∇.∇2v1 = ∇2(∇.v1), because ∇2 is a scalar operator, and assuming
time harmonic signals with angular frequency ω in [rad/s] (with ω = 2pif and
∂e−iωt/∂t = −iωe−iωt) gives
∂2ρ1
∂t2
= −∇.
(
ρ0
∂v1
∂t
)
(2.5)
= −∇.(− c2f∇ρ1 + η∇2v1 + βη∇(∇.v1)) (2.6)
= c2f∇2ρ1 − (1 + β)η∇2(∇.v1) (2.7)
= c2f
[
1 +
(1 + β)η
ρ0c2f
∂
∂t
]
∇2ρ1 (2.8)
= c2f
[
1− iω (1 + β)η
ρ0c2f
]
∇2ρ1 (2.9)
The second term at the right-hand side of equation 2.7, which define the damp-
ing factor, are quite small ( 10−6) for waves in water with frequencies above 1
MHz. Neglecting these terms and using p1 = c2fρ1 results in the undamped wave
equation:
∇2p1 = 1
c2f
∂2p1
∂t2
(2.10)
In case of time harmonic signals with v1 = v(r)e−iωt, generally true for sound
waves, ρ0 ∂v1∂t = −c2f∇ρ1 results in
v1 = −i 1
ρ0ω
∇p1 =∇φ1, (2.11)
φ1 =
−i
ρ0ω
p1 (2.12)
in which φ1 in [m2/s] is the acoustic velocity potential, which also fulfils the wave
equation, and which is used by Gor’kov to derive the acoustic radiation force.
Bruus extended the analysis to the acoustic radiation force and showed that there
exists a secondary acoustic force. This secondary acoustic force is not just har-
monic about an equilibrium state, as is the primary acoustic force, but is able to
propel the particle in both a travelling and a standing wave field. The assumptions
that were applied, are as follows:
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• The fluid surrounding the particle is an ideal, compressible fluid;
• The particle is non-deformable, though compressible;
• The size of the particle is much smaller than the wavelength of the ultra-
sound;
• There is no interaction between particles in the suspension;
• There is no disturbance of the acoustic wave field by the particles them-
selves;
• The particle scatters the incident sound wave radially.
Bruus (and Gor’kov) defined the acoustic radiation force F rad as a gradient of
the radiation force potential U rad [Nm] as:
F rad(r) := −∇U rad(r) (2.13)
with r the (x, y, z) position of the particle in the acoustic field.
Gor’kov showed that the acoustic radiation force potential in a one-dimensional
acoustic field with space variable x is given by:
U rad(x) = −4pia
3
3
[
1
2
(κf − κp) 〈p(x)2in〉 −
3
4
ρf
2(ρp − ρf )
2ρf + ρp
〈v(x)2in〉
]
(2.14)
with a the particle diameter in [m], κp and κf the compressibility of the particle
and the fluid in [m2/N], ρp and ρf the densities of particle and fluid [kg/m3] and
〈p2in〉 and 〈v2in〉 the time-averaged squared incident pressure [N2/m4] and squared
velocity [m2/s2] of the acoustic wave, respectively.
The fluid pressure and fluid velocity field are given by:
pin = pacos(kx)sin(ωt) (2.15)
and
vin = − pa
ρfcf
sin(kx)cos(ωt) (2.16)
with pa the magnitude of the pressure of the acoustic wave [N/m2], x the axial
position in the planar wave field [m] and k the wavenumber in [1/m] and with cf
the speed of sound in the fluid.
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Since for the time averages hold: 〈cos2(ωt)〉 = 12 and 〈sin2(ωt)〉 = 12 and the
compressibility is defined as κf = 1/(ρfcf 2), the radiation potential of a one-
dimensional plane wave follows from equation 2.14 and is given by:
U rad(x) = −pia3kpa2
[
(
κf − κp
3κf
)cos2(kx)− 1
2
ρf
2(ρp − ρf )
2ρf + ρp
sin2(kx)
]
(2.17)
Consequently, the one-dimensional radiation force in a plane standing wave be-
comes
F rad : =
∂U rad
∂x
(2.18)
=
4
3
pika3Φ(κ, ρ)Eacsin(2kx)
with the acoustic energy density Eac in [J/m3] defined by:
Eac :=
pa
2
4ρfcf 2
(2.19)
and the acoustic contrast factor Φ(κ, ρ) defined by:
Φ(κ, ρ) :=
5ρs − 2ρf
2ρs + ρf
− κs
κf
(2.20)
The acoustic energy density Eac can only be estimated from measurements of
(either) the acoustic pressure or the particle trajectories and known particle prop-
erties. The formulas shown here (2.1 - 2.20) are the basis for the numerical
simulations performed throughout this study.
The wavelength of an acoustic wave at 2 MHz is 0.75 mm. Incompressible parti-
cles up to approximately 50 µm can therefore be subjected to the radiation force
equation without significant errors. The current study aims at separation of par-
ticles of about 10 µm with ultrasonic standing waves (USW). In this thesis, the
source of the acoustic wave is a piezoelectric transducer, which is modelled in
Chapter 3. The transducer is attached to a glass matching layer, which vibrates
with the transducer and couples the transducer to the fluid, forming an acoustic
separator modelled in Chapter 4.
In the analysis of transducer and resonator, admittance (the inverse of impedance)
plays a key role as this system property can be measured by an impedance anal-
yser. In both analyses, the system can be considered as a multi-degree-of-freedom
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Figure 2.1: Single degree of freedom (SDOF) systems: a mechanical
mass-spring-damper system (left) and an electrical inductor-resistor-capacitor system
(right).
(MDOF) system. For a 1D single-degree-of-freedom (SDOF) mass-spring-damper
or inductor-resistor-capacitor model (Figure 2.1), under the assumption that the
system behaviour is linear, the following mathematical analysis can be given.
The differential equation of motion in displacement x of a mass-spring-damper
system is written as:
mx¨+ bx˙+ kx = Feiωt (2.21)
with m the system mass in [kg], b the damping factor in [Ns/m], k the stiffness
in [N/m] and Feiωt a time harmonic excitation force in [N].
With a time harmonic signal x = Aeiωt, with A the amplitude of vibration in
[m], this becomes
(−Aω2m+ iAωb+Ak)eiωt = (−ω2m+ iωb+ k)x = Feiωt (2.22)
And the solution in x is:
x =
Feiωt
−ω2m+ iωb+ k (2.23)
=
Feiωt
iω(b+ i(ωm− kω ))
(2.24)
with the first derivative in t:
x˙ =
Feiωt
b+ i(ωm− kω )
(2.25)
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The mechanical impedance Zm of this system is written as
Zm = Rm + iXm (2.26)
with resistance Rm = b and reactance Xm = (ωm − k/ω) for a mass-spring-
damper system. The undamped eigenfrequency is found when the imaginary part
of the impedance is zero: ω0 =
√
k/m
For the electrical analogy, an inductor-resistor-capacitor (LRC) system, excited
with voltage V , the solution in current I becomes:
I =
V eiωt
R+ i(ωL− 1ωC )
(2.27)
with R the resistance in [Ω], L the inductance in [henry = Ωs] and C the capac-
itance in [farad = s/Ω]. In this case the electrical resistance is Re = R and the
reactance is Xe = (ωL− 1/ωC).
In practical MDOF electro-mechanical systems, like piezoelectric transducers
and electrically driven acoustic separators, the impedance (or admittance) de-
pends on both the electrical and mechanical (acoustical) properties of the system,
as shown in Chapter 3, resulting in a series of eigenfrequencies, which were mea-
sured with an impedance analyser.
A state of resonance (vibration at an eigenfrequency) in the separation chamber
improves the separation efficiency, because forces resulting from standing waves
are much higher than forces from travelling plane waves [30]. Under standing
wave conditions, the particles within the fluid are forced to the nodal or anti-
nodal pressure areas of the chamber, depending on the physical properties of
both the medium and the particles [30]. A positive contrast factor Φ indicates
that the particles will move towards the pressure nodes of the acoustic wave field,
whereas a negative contrast factor forces the particles towards the pressure anti-
nodes. These areas can be discrete spots as well as nodal lines or planes [57].
Since Gor’kov assumes an ideal fluid in his derivation, there is no attenuation
of the acoustic wave while travelling through the fluid. In reality attenuation
leads to several types of acoustic streaming, summarised by Wiklund et al [68].
Generally speaking, a gradient in the time-averaged acoustic momentum flux in
the fluid, gives rise to acoustic streaming or, in other words, the attenuation in
the fluid causes the acoustic energy to be transformed into kinetic energy of the
fluid particles, thus causing acoustic streaming. Practically speaking, the effect
of acoustic streaming is that vortices may occur inside the resonance chamber,
depending on the acoustic energy flux, the acoustic pressure and the frequency
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applied. In case of acoustic separators with a length much larger than the wave-
length, typical for the industrial separators in this thesis, Eckart streaming is the
dominant factor. This type of streaming causes a reverse fluid flow in areas with
a lower acoustic flux. In case of standing waves with as little attenuation as pos-
sible, the effects on acoustic streaming will be small, which can be verified by
means of experiments.
The acoustic radiation force is not the only influencing factor in acoustic particle
filtering. The particles are also subject to drag forces, according to the Stokes
equation for viscous fluids:
F drag = −6piηavp (2.28)
with η the dynamic viscosity of the fluid and vp the velocity of the particle rela-
tive to the fluid. Both forces F rad and F drag determine the particle acceleration
and velocity in the acoustic wave field, and thus the particle trajectory. The role
of gravity and buoyancy in acoustic separation of small, near-buoyant particles
is negligible 1. Once the particles start to form flocs due to interacting parti-
cle forces, gravity becomes important, causing the agglomerated particle flocs to
settle.
In the next sections the state of the art is presented, followed by a demonstration
of the separation principle in ambient air.
2.2 State of the art
2.2.1 Physical separators
A physical separator consists of a stack of separate layers, one of which is the
fluid layer in which the separation of particles takes place (see figure 2.2). Each
layer has its own function and characteristics:
1. The first layer is the transducer, usually a piezoelectric ring or plate, which
supplies the energy or vibration to the separator. A single element piezo-
electric transducer consists of piezoelectric material with a very thin elec-
trode on both sides. This electrode usually covers the entire area of the
piezoelectric material. In fact, the transducer consists of three layers in
itself, but the characteristics of the electrodes are not always taken into
account, since they are very thin (approximately 10 µm);
1With a particle diameter of 10 µm and density of 1100 kg/m3 the steady state particle velocity
will be about 5 µm/s. The particles will therefore not settle due to gravity.
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2. The second layer is the so called matching or coupling layer, which sepa-
rates the transducer from the liquid, thus preventing direct contact between
the two. The matching layer transfers the acoustic waves generated by the
transducer to the fluid. The thickness of the matching layer is extremely
important for the efficiency of the separator, as will be shown later;
3. The third layer is the resonance chamber with (flowing) fluid in which sep-
aration of fluid and particles takes place. The acoustic waves result in
acoustic radiation forces on the particles, thus causing them to concentrate
at the pressure (anti-)nodes in the chamber. The particles can be forced
to a separate (second) outlet of the chamber (see for instance Hawkes et
al. [34] and Townsend et al. [65]) or can be held inside the chamber until
saturation takes place, which is then followed by a (back) flush to remove
the concentrate;
4. The fourth layer is the reflector, which reflects the acoustic waves back
into the resonant chamber, thus causing standing waves (resonance) in the
chamber. Usually this layer is the last and it radiates into the surrounding
air (sometimes air is referred to as the backing layer). In the case of larger
separation devices, the reflector can be replaced by another matching layer
and a second transducer.
Figure 2.2: Sketch of ultrasonic particle trapping using standing waves. The transducer
(left) and the reflector (right) build the standing wave field (with two nodes) in the
intermediate fluid layer. Particles are first scattered (a), immediately line up (b) and
agglomerate (c) in the nodes.
2.2.2 1D models and designs
The fundamentals of acoustic separators in the one-dimensional case were sum-
marised by Gröschl [30, 23] based on a large amount of earlier studies by others,
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Table 2.1: Studies on ultrasonic standing wave separation units and particle
manipulators, highlighting the mainstream of the modelled and evaluated systems.
Study Year Scale Model / Result Evaluation
Experiment [Yes / No]
Aboobaker et al. [3] 2005 mm 1D/exp. particle trajectory Y
Andrade et al. [5] 2010 cm 2D/exp. particle trajectory Y
Bekker et al. [7] 1997 cm exp. 36 kHz separator N
Benes et al. [8] 2001 cm 1D/exp. multiple wavelength Y
separator
Dain et al. [19] 1995 mm 2D particle trajectory N
Gorenflo et al. [26] 2002 cm exp. separation efficiency N
Haake and Dual [32] 2004 mm 3D particle manipulator Y
Hawkes and Coakley [35] 2001 mm 2D/exp. particle concentrator Y
Hawkes et al. [33] 2002 cm 1D/exp. half-wavelength Y
separator
Hill et al. [36, 37] 2002 sub-mm 1D/exp. particle manipulator Y
2008
Kapishnikov et al. [43] 2006 sub-mm 2D particle sorting Y
Neild et al. [57, 56] 2006 sub-mm 2D particle manipulator Y
2007
Nowotny and Benes [58, 59] 1987 - 1D theory N
1991
Townsend et al. [65] 2004 sub-mm 2D/exp. particle trajectories Y
Townsend et al. [64] 2008 sub-mm 1D/exp. quarter-wavelength Y
separator
including Gor’kov. In part I of this review it is explained how to calculate forces
on particles in a known acoustic field and what secondary forces exist in the
acoustic separator, which should be taken into account. The review also shows
how to account for attenuation (damping) and how electro-mechanical parame-
ters of a piezoelectric transducer can be taken into account. An important issue
in this study is that performance numbers are defined, based on the energy used
to separate particles in comparison to energy losses, in order to compare the ef-
ficiency of acoustic resonators. In part II of his study, he shows how to design
a physical ultrasonic separator with the best dimensions of different layers, the
piezoelectric transducer and the frequency control unit of the amplifier. In this
part it is not entirely clear whether the device made was truly tested and whether
improvements were possible. Despite the fact that this review is only applicable
to a 1D case, it has been used extensively for the design of ultrasonic separa-
tion devices. Various studies in which 1D, 2D and 3D models were applied are
summarised in Table 2.1.
One-dimensional matrix models - describing mechanical and electrical displace-
ment in relation to stress and electric potential - in multi-layered systems (see
Figure 2.2), were developed by Nowotny and Benes [58, 59]. These models
included a model of the piezoelectric transducer and all layers in an acoustic
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resonator. Such matrix models were also applied by Benes et al. [8] for multiple
wavelength separators and by Hawkes et al. [33] for modeling of half-wavelength
resonators. Both of these were also experimentally evaluated. Moreover, a series
of studies of Hill and co-authors [36, 37, 64] were dedicated to 1D modelling
of the layered structure of the resonator, studying the effects of frequency, layer
thickness and modelling detail. On the basis of this modelling study it was shown
that the optimal frequency of operation of a separator was not automatically at the
design frequency, due to interactions of the modes of each layer. The frequency
at which maximum separation efficiency occurs, corresponded to the frequency
of maximum acoustic energy in the fluid layer, but did not correspond to the main
eigenfrequency (peak admittance) of the multi-layer resonator system. Benes [8]
and Hawkes [33] found similar results. Later studies have extended this work to
include fluid flow and resistant (drag) forces to thus predict particle paths inside
the fluid layer [65].
Particle trajectories were calculated analytically and evaluated experimentally by
Aboobaker et al. [3] for a one-dimensional trajectory in a standing wave field
and by Andrade et al. [5] for progressive waves. Aboobaker also extended the
analytical model to a particle concentration simulation, which was not evaluated.
Townsend et al. [65] modelled the particle path of yeast cells (3 µm) exposed
to ultrasonic standing waves inside the fluid flow of a half-wavelength separa-
tor. Good agreement was found between simulated particle concentration and
experimental values at various frequencies.
2.2.3 2D models and designs
One of the most detailed studies on the design of a 2D separator and its perfor-
mance was documented by Hawkes and Coakley [35]. A half wavelength con-
centrator was made of stainless steel with 0.25 mm wide channels. The forces
on the particles and thus the direction of concentration was perpendicular to the
fluid flow. It was shown that this system, although designed for 3 MHz, per-
forms better at 3.1 MHz. The reason for this phenomenon, as demonstrated by
Hill [36], is that a system with two (or more) coincident resonances creates sepa-
rate peaks near the assumed resonance and anti-resonance at the frequency where
resonance would be expected. Therefore, the optimal frequency of operation is
not at the assumed resonance but somewhat higher or lower. Precise dimensions
and specifications of Hawkes and Coakley’s device and measurement system are
specified in the publication. In the experiments a more than 1000-fold clearance
was achieved using 5 µm yeast cells and a flow rate of 6 ml/min. Moreover, it was
shown that theoretical clearance is close to the experimental clearance when sim-
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ply using first order effects (primary particle forces) and low excitation voltages.
It was suggested that more detail in both the experimental setup and the theo-
retical approach, like particle momentum and particles size dependent viscous
correction, would make the model more suitable to be applied at higher voltages
(and corresponding higher acoustic particle forces). An important note in the
study is that cavitation (air bubble implosion) by low US frequencies should be
avoided in order to obtain a laminar undisturbed flow.
Dain et al. [19] performed a 2D analytical study on particle movement using
a parameter perturbation method. As model input an oscillating wall (acoustic
source) was applied and a convex reflector, which forced the particles towards
specific spots in the acoustic field. The analysis was purely mathematical and not
validated with any experiment.
Kapishnikov et al. [43] used a numerical model to predict the particle trajectory
of particles (2.5, 5 and 10 µm) and blood cells in microchannel flows (half and
quarter wavelength) and demonstrated the possibility to sort various particle sizes
by means of USW with an efficiency near 100% for a concentration of 1% and a
flow rate of 162 nl/s. The approach was similar to the experimental analysis with
3 and 8 µm particles in Laurell et al. [50].
Lipkens et al. [54] calculated the particle trajectories through a straight channel,
which is interrupted by an acoustic chamber in which the particles were exposed
to standing waves and waves with stepped frequency sweeps. In the theoretical
model it was found that particles could be swept from the central main stream into
the quiescent area of the chamber. This method was evaluated in a subsequent
study [55] and proved to be able to separate 6 µm polystyrene beads from a 150
ml/min water flow at a speed of around 5 mm/s. Clearances or efficiencies of the
process were not specified.
2D model simulations using a Finite Element (FE) approach, were performed by
Neild et al. [57, 56], using a partly cut piezoelectric transducer to generate sur-
face waves beneath a fluid layer. The surface waves typically created nodal lines
at which particles were concentrated. It was shown that FE modelling is neces-
sary to find all the resonance modes of a separator/concentrator system, since the
analytical 1D approach does not identify all possible resonance frequencies. The
location of the concentrated particles could be predicted numerically and these
locations were verified experimentally.
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2.2.4 3D models and designs
Haake and Dual [32] have used a 3D approach to both model and design a particle
manipulator. The aim was to concentrate particles at specified locations using a
vibrating plate, excited by a piezoelectric element. Haake and Dual used a glass
plate connected to a piezoelectric transducer, which was excited in shear mode.
Their analytical 3D approach of this separator was used to predict the positions
of particle concentration. Their results were verified with experiments and show
the strength of this relatively simple approach.
Lilliehorn et al. [53] developed a micro-electromechanical system (MEMS). This
device was specifically meant for 3D microparticle manipulation, similar to the
approach in [32] and [57]. The device operated at frequencies from 2.4 up to
12.5 MHz and at a maximum flow rate of 1 mm/s. Good agreement was said to be
found between the numerical and experimental approach, although the evaluation
was only made on a visual basis. The studies demonstrate that it is possible
to trap particles at specific, predefined locations in the 3D field of the particle
concentrator. An angular spectrum approach (ASA) was applied to calculate the
near field pressure of an acoustical particle trap. The approach was not further
explained and little evidence was presented on the validity of this ASA method
in this application.
2.2.5 Applications and new concepts
Bosma et al. [9] took an existing, commercially available separator, the BioSep
(Applikon B.V., Schiedam, the Netherlands) , and tested this device for harvesting
(micro)algae and found the method not to be feasible for this application. This
conclusion is related to the device tested, but seemed to be extrapolated to the
entire method of ultrasonic separation as such. If the device were dedicated to
the harvesting of microalgae, it might well be feasible, yet no device as such
existed at that moment.
Bekker et al. [7] used a 36 kHz transducer to separate talcum powder (with un-
specified properties) from water in a 120 mm long, 20 mm wide tube by directing
the flow perpendicular to the transducer surface. The maximum efficiency was
65% at a flow rate of 2.5 ml/s. It was suggested to further optimise the separator
used, especially towards smaller particle sizes to treat cooling tower blowdown
water.
Gorenflo et al. [26] tested the efficiency of a BioSep 200L acoustic cell retention
system using CHO (Chinese Hamster Ovary) cells (15µm) at various flow rates
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(50-400 l/day) and power levels (60-90 W). Efficiencies varying from 57% at
400 l/day up to 96% at 50 l/day were found using 60 W of input power. When
varying the input power from 60 W up to 90 W the efficiency increased from
78% to 82%. Therefore, acoustic separator performance seems more dependent
on flow rate than on input power.
Gröschl et al. [31] evaluated the separation efficiency of a prototype cell har-
vesting separator at various flow rates (24-60 l/day) and input powers (14-58 W)
using hybridoma cells. The efficiency varied between 60% (60 l/day @ 24 W)
and near 100% (24 l/day @ 52 W), comparable to the results found in [26]. Ac-
cording to the figures presented in this study, the separation efficiency seemed to
increase linearly with power (below 95% efficiency) and was more profound as
the flow rate increased (0.3%/W @ 36 l/day up to 1.1%/W @ 60 l/day). Above
95% efficiency the relation was no longer linear. The separation efficiency de-
creased non-linearly with flow rate i.e. the higher the flow rate, the higher the
decline in efficiency (estimated at 5% up to 15% decline per 12 l/day).
A most interesting study was performed by Ahrens and Patterson [4], investigat-
ing the use of ultrasound for improving the sedimentation process of a paper mill
for whitewater clarification. The conventional technique used a Dissolved Air
Flotation (DAF) unit. The evaluated ultrasound technique showed that invest-
ment costs were reduced by 50%, operational costs by 33% and estimated energy
costs by 46%. These estimates were based on a pilot unit which processed 40
l/min and were extrapolated to a 7500 l/min full scale unit.
Whitworth et al. [67] used modulated ultrasound to transport 9 µm polystyrene
particles along a central axis of a cylindrical container. Two piezoelectric trans-
ducers were fixed at both ends of the container and excited with slightly dif-
ferent frequencies. The particles formed clumps and these could be transported
along the axis at a maximum velocity of 24 mm/s with a frequency difference of
100 Hz (main frequency 3 MHz). Other methods, like ramping the frequency,
pulsed/burst sound (2.5 s) followed by sedimentation (2.5 s) and sedimentation,
after switching the sound off completely, all resulted in less clearance of the sus-
pension than applying the frequency difference.
Glynne-Jones et al. [24] investigated the concept of parallel particle separation
with multiple channels in a brass plate, excited with a single piezoelectric device.
The idea was that the piezoelectric device would create resonances in the channel
walls, which had a perfectly rectangular cross section. If the channel walls vi-
brated with a given eigenfrequency (natural mode), thus creating standing waves
in the channel, it should be possible to create parallel particle filters with a single
transducer. Unfortunately, the vibration of the plate with the channels was dom-
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inated by Lamb (surface) waves, so that resonances in each of the channels were
not as expected. Further study was recommended to solve this problem.
The most recent studies on ultrasonic standing wave applications focus on par-
ticle manipulation and positioning, thus improving sensing and characterisation
capabilities. Most of these studies integrate numerical design and experimental
validation or evaluation for system development. Courtney et al. [18] proposed a
method of positioning particles in a standing wave field by means of phase con-
trolled sinusoidal signals. They found that it is possible to translate 5 µm particles
across several wavelengths within the separator. Earlier work by Glynne-Jones
[25] used mode-switching to position particles in specific locations or bands in-
side a resonance chamber by switching between subsequent eigenfrequencies,
thus moving the nodal positions in small steps. This method was used to line
up 10 and 20 µm particles in any location inside a quarter wavelength separator
within a flow. Dron et al. [21] aimed to improve Particle Image Velocimetry
(PIV) measurements by acoustic focusing of particles. They investigated the in-
fluence of particle concentration, particle diameter (2-7 µm) and acoustic pres-
sure amplitude (excitation voltage 3-10 V) on the focusing time of particles in
a standing wave field, without and with fluid flow. Also the effect of acoustic
streaming was taken into account. Grinenko et al. [29] constructed an entire ring
of piezoelectric transducers, each of which could be controlled separately. The
system was able to move the particle in almost any desired position within this
ring.
The current study will focus on macro-scale, industrial applications of ultrasonic
standing waves. The development of macro-scale devices was not continued after
the work of Bekker [7] and the introduction of BioSep more than a decade ago
[26, 66].
2.3 Demonstrator
2.3.1 Materials and methods
In this study, the separation principle was demonstrated using large polystyrene
particles in ambient air (typically 20o C., pressure 1030 mbar and relative humid-
ity 35 %). The separation unit consisted of four low budget 50W piezo tweeters
(Conrad TE-300, range 5-40 kHz), a signal generator (Velleman PCGU 1000)
and a car audio amplifier (Raveland XCA 1200) with a 12V, 3A DC power sup-
ply. The horns of the tweeters were removed and each remaining speaker unit
was mounted on a perspex (PMMA) stand allowing it to radiate in a horizontal
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plane. Each speaker was connected to each of four amplifier outputs: two oppo-
site speakers to the "front" output and the two others to the "rear" output. The
four mounts with tweeters were set up perpendicularly to create a resonance field
in between them (Figure 2.3). Hence, the setup basically consists of a signal
generator, an audio amplifier and four audio tweeters.
Figure 2.3: Experimental setup of an acoustic separator in air. Four piezo tweeters
were mounted perpendicularly on a transparent base plate and driven by an amplified
sinusoidal signal creating a resonance field.
Polystyrene particles of various sizes (0.5-3 mm) were randomly placed in the
resonance area on a slightly elevated piece of cardboard in order to have them
centred in the horizontal plane of the resonance field. On the cardboard a met-
ric mm scale was drawn aimed at observing the process more accurately. The
rectangular area between the speakers, being about 5×7 cm, was captured using
a home video Sony HC30 PAL digital camera.
2.3.2 Results
On the basis of wave theory one would expect a range of eigenfrequencies oc-
curring in the given experimental setup. However, only one resonance frequency
was found by trial and error, being 12.6 kHz. There were slight indications of
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another eigenfrequency at 22 kHz, but results were not consistent. Most likely,
the piezoelectric speakers were not able to generate enough acoustic power at
other eigenfrequencies in both the lower and higher frequency range of its speci-
fications. At the resonance frequency of 12.6 kHz the particles were consistently
separated in three bands (Figure 2.4), which are assumed to be the nodal bands of
the resonance area. The separation took place in less than three video frames of
0.04 s (50 Hz interlaced = 25 fps) each, thus hardly visible to a regular camera.
The three bands shown indicated that the resonance field was asymmetrical: the
center was a nodal line, instead of an anti-node. Hence two opposite speakers
were driven out of phase by a full 180 degrees. Switching off the two nearest
speakers resulted in a similar particle division, which indicates that the effect of
the nearest speakers was not as large as the effect of the other two. Note also that
in the right panel of Figure 2.4 the nodal bands are not straight but slightly curved
about the centre of the resonance field. Even the central streak was not perfectly
straight.
The experimental results were subsequently used to calculate the acoustic pres-
sure in the wave field as well as the radiation force acting on the particles. The
motion of the particle is governed by two forces: the acoustic force and the drag
force. The latter is composed of friction with the surface and the surrounding air.
For the subsequent analysis it was assumed that the drag force was linearly related
to the particle velocity. Moreover, the experiments showed that there was no over-
shoot in the particle displacement, so that the displacement was (over)critically
damped. Thus, the unknown drag force should be as large as to allow a non-
oscillatory movement of the particle to its final location. The acceleration a(t),
the velocity v(t) and the position x(t) of the particle were thus described by
a(t) =
F rad(x) + F drag(v)
mp
(2.29)
dv
dt
= a(t)
dx
dt
= v(t)
with appropriate initial conditions and where F drag is the velocity dependent
drag force, F rad the location dependent acoustic radiation force and mp the mass
of the particle.
The trajectory was calculated iteratively, as the force field changes with the po-
sition of the particle, with a time step of 10−5 seconds. The calculated particle
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Figure 2.4: Sequence of four snapshots of the process of particle concentration. The
first photo shows the initial situation with randomly placed particles, the second and
third show the process of separation and the last photo shows the final position of the
particles after approximately 0.12s.
displacement versus time using various starting positions is given in Figure 2.5.
Given the node to node distance of 0.013 m and a total time of 0.12 s, in which
the particles were moving, shows that the maximum particle acceleration is ap-
proximately 5 m/s2. For a particle mass of 3.4×10−6 kg, the maximum force
on the particle using Newtons second law results in a force of 1.6×10−5 N. The
maximum (primary) acoustic force F radmax is given by
F radmax =
p2maxVpκapi
2λ
[
5ρp − 2ρa
2ρp + ρa
− κp
κa
]
(2.30)
with Vp the particle volume in [m3], subscript p for the particle and a for air.
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Given the maximum force calculated, from equation 2.30 the maximum pressure
pmax was calculated to be 7×102 Pa and the corresponding prms is then 5×102
Pa. Comparing this result to a regular decibel sound level scale Lp being
Lp = 10×10 log prms
2
pref 2
= 20×10 log prms
pref
(2.31)
the acoustic pressure level had a maximum Lp of 148 dB in the standing wave
field between the speakers (reference acoustic pressure pref is 20×10−6 Pa). This
value of Lp seems a good approximate, since the amplifier was set to full power
with a maximum input voltage of 10 V. Note, however, that the calculated pres-
sure was highly dependent on the estimated time of movement, which in this case
was rather inaccurate. All input and output parameters are summarised in Table
2.2.
Figure 2.5: Particle displacement versus time in the acoustic pressure field. The value
on the y-axis at time 0 represents the initial position of the particle. Particles are driven
to three locations in 0.12s.
A consolidated explanation of the principles of acoustic separation was given in
this chapter and demonstrated on polystyrene particles in air using four simple
piezoelectric speakers and an audio amplifier. Although various eigenfrequen-
cies and nodal lines were expected, only one eigenmode could be determined, a
limitation mainly attributed to the frequency response of the speakers used. Basic
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Table 2.2: Input and output parameters with corresponding values
Input parameters Value
Particle material polystyrene
Density [kg/m3] 100
Bulk Modulus [Pa] 15×106
Particle radius [m] 2×10−3
Medium air
Density [kg/m3] 1.2
Speed of sound [m/s] 343
Eigenfrequency [Hz] 12.6×103
Wavelength [m] 2.7×10−2
Output parameter Value
Particle acceleration [m/s2] 5
Acoustic force [N] 1.6×10−5
Acoustic Pressure [Pa] 7×102
Sound pressure level (SPL) [dB] 148
analytical calculations gave more insight into the pressures and accelerations as-
sociated with this demonstrator separation process, providing a comprehensible
basis for continuation of the study with water and suspended particles.
3. MODEL OF THE PIEZOELECTRIC
TRANSDUCER
Abstract
Design of ultrasonic equipment is more frequently facilitated with numerical
models. These numerical models, however, need a calibration step, as usually
not all characteristics of the materials used are known. Characterisation of ma-
terial properties combined with numerical simulations and experimental data can
be used to acquire valid estimates of the material parameters. In our design ap-
plication, a finite element (FE) model of an ultrasonic particle separator, driven
by an ultrasonic transducer in thickness mode, is required. A limited set of mate-
rial parameters for the piezoelectric transducer were obtained from the manufac-
turer, thus preserving prior physical knowledge to a large extent. The remaining
unknown parameters were estimated from impedance analysis with a simple ex-
perimental setup combined with a numerical optimisation routine using 2D and
3D FE models. Thus, a full set of physically interpretable material parameters
was obtained for our specific purpose. The approach provides adequate accuracy
of the estimates of the material parameters, near 1%. These parameter estimates
will subsequently be applied in future design simulations, without the need to
go through an entire series of characterisation experiments. Finally, a sensitivity
study showed that small variations of 1% in the main parameters caused changes
near 1% in the eigenfrequency, but changes up to 7% in the admittance peak,
thus influencing the efficiency of the system. Temperature will already cause
these small variations in response, thus requiring a frequency control unit when
actually manufacturing an efficient ultrasonic separation system.
This chapter was published as
H. Cappon and K.J. Keesman (2012) Numerical modelling of piezoelectric transducers using phys-
ical parameters. IEEE transactions on Ultrasonics, Ferroelectrics and Frequency Control, Vol. 59,
No 5, pp 1023-1032
39
40 CHAPTER 3. MODEL OF THE PIEZOELECTRIC TRANSDUCER
3.1 Introduction
Currently available acoustic separators use piezoelectric transducers to generate
the acoustic field needed for the separation process. In order to gain insight into
the characteristics of the transducer and the effect of design parameters on the
separation efficiency, a numerical model of the transducer is needed before mod-
elling the entire separator. Confidence in the transducer model can be gained
by calibration against experimental results and validation against prior physical
knowledge (see [44] for details on model calibration and validation).
The separator model needs to provide acoustic pressure profiles in order to pre-
dict acoustic forces on the particles and resulting particle trajectories during the
separation process. The pressure profile, which is assumed to change in two di-
mensions only, can be obtained from a 2D finite element (FE) model. Thus, the
piezo transducer model needed is also a (2D) finite element model. Therefore, the
aim is to obtain a valid finite element model of the piezoceramic with a realistic
frequency response at the first thickness mode for the design of a new acous-
tic separator and with physically interpretable parameters. Because the model
needs to be extended to a separator model at a later stage, the current model was
made using Comsol as a generic FE solver instead of using dedicated piezoce-
ramic modelling software. Seven known characteristics, out of a total of eleven
parameters, were derived from manufacturer’s specifications, one was directly
derived from the experimental data, and the remaining three were estimated with
numerical optimisation in the frequency band of interest (near 2 MHz). Secondly,
a numerical sensitivity analysis of the material parameters on the frequency re-
sponse indicated that there is a need for control of the driving frequency in a
separation unit to maintain maximum efficiency. The measured admittance of the
piezoceramic is used as the basis for the calibration process and the sensitivity
analysis.
3.2 Background
The most important characteristic of piezoelectric material is the capability to
convert an electrical potential to mechanical displacement and vice versa. The
electro-mechanical conversion is done with high efficiency, thus explaining the
application of piezoceramics as sensors and actuators. Moreover, the ability to
mechanically drive systems at high frequencies (up to MHz range) explains its
wide use as transducers in, for instance, medical monitoring equipment.
A piezoelectric transducer consists of a piezoelectric ceramic material, often
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Lead-Zirconate-Titanate (PZT), between two electrodes of just a few microns
thick, generally made of silver or gold. The piezoceramic can be cut in any ar-
bitrary shape, but rectangular and circular plates are commonly used. The piezo-
ceramic material has a predefined orientation allowing the device to operate in
thickness mode or in shear/radial mode. In thickness mode the direction of the
electrical current is parallel to the mechanical motion, in case of shear operation
these directions are perpendicular. For ultrasonic acoustic resonators the thick-
ness mode is mainly applied; the piezoceramic material used is of crystal class
6-mm.
The frequency which induces the largest vibration amplitude is the first eigen-
frequency (in thickness mode) and the characteristic vibration pattern at this fre-
quency is called an eigenmode. Therefore, the thickness of the piezoceramic is
tuned to offer the best electro-mechanical energy transfer possible. The eigen-
frequencies associated with the eigenmodes can be found by measuring the re-
sponse of the piezoceramic to frequency sweeps: the voltage across and the elec-
trical current through the piezoceramic are measured during the sweep. Such a
response measurement is typically done with an impedance analyzer. Eigenfre-
quencies occur when the measured impedance, defined as Z = VI is minimal,
or more precisely when the real part of the (complex) impedance is minimal. In
practise, it is easier to find the maximum of the inverted impedance, which is the
admittance Y = IV . Due to dissipation in the piezoceramic, I and V are not in
phase, which can be described by using complex variables, so that the real part
of the admittance is a measure for the energy transfer from electrical current to
mechanical displacement and the maximum real admittance corresponds to an
eigenfrequency.
With more demanding and precise applications, like positioning devices in Mi-
cro Electro-Mechanical Systems (MEMS), also the use and application of nu-
merical models has become widespread in transducer analysis. In cases where
the mechanical displacement (velocity / acceleration) or even the mode shape of
the piezoceramic is important, calibration measurements include laser-Doppler
interferometry, thus characterising the shape, frequency and magnitude of dis-
placement across the piezo surface or its edges. A difficult task in this calibration
process is accurate control of the boundary conditions, because small errors will
distort the measurement of the micrometer scale perturbations [52].
The alternative method for calibration is electrical, using an impedance analyser.
Boundary conditions can be controlled relatively easy, because the measurement
procedure is more robust. By manufacturing various predefined transducer shapes
the main material parameters of a piezoelectric material can be determined fol-
lowing a standard procedure, like the ANSI/IEEE standard [1]. This standard,
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however, was recently withdrawn, because its 1D mono-modal characterisation
was lengthy, incomplete for today’s 3D multi-modal demands and applications,
and the specimens needed were expensive and difficult to handle [40, 48]. Practi-
cal limitations and errors in characterisation with this standard were investigated
by Ebenezer and Sujatha [22]. A similar type of standard EN50324 [2] is still in
use.
New methods for piezoelectric characterisation have been proposed and applied
successfully by various researchers using a combination of impedance measure-
ments and Finite Element simulations [39, 42, 48, 49, 61, 69]. The main advan-
tage of this technique is that any transducer shape can be modelled and analysed.
Unfortunately, the characterisation was not fully satisfactory in many cases, due
to non-linearities at low and high frequencies [42], the inability to use the char-
acteristics in practise without any modifications [69], physical interpretation of
complex (damping) parameters [48] and large deviations from manufacturer’s
specifications [49]. Nevertheless, the combination of experimental and numeri-
cal techniques currently seems the best alternative to sequential one-dimensional
characterisations. For this reason, this method is also applied in the current re-
search.
The characterisation done here is limited to the area of interest, namely the first
thickness mode of the piezoceramic near 2 MHz, needed to drive an ultrasonic
separator. This means that transversal modes and non-linear behaviour at lower
frequencies are not of interest; they have been calculated and results are shown,
but the response is less important for practical use. The main difference with
previous research is firstly that the piezoceramic plate does not necessarily have
a shape specified by earlier standards, thus creating a more generic and practical
approach and secondly that seven out of eleven material parameters specified by
the manufacturer were implemented in the FE code directly and left unmodified.
One parameter, the attenuation, was derived from experiments and the remaining
three parameters, not specified beforehand and thus unknown, were optimised to
match the experimental data. This approach thus avoids, to a large extent, the
well-known problems in numerical optimisation, that is the existence of local
minima and the computational costs for estimation problems with more than 5–7
parameters.
3.2.1 Piezo modelling basics
The main characteristic of piezoceramic materials is the ability to convert elec-
trical potential or voltage, denoted by Ve, to 3D mechanical displacement u and
vice versa. In order to construct proper models for piezoceramic materials, the
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basic constitutive equations which relate electric potential to displacement and
displacement to electric potential should be known.
In material mechanics the basic quantities used in the constitutive equations are:
• Stress, denoted by T with the unit [N/m2],
• Strain or relative elongation, denoted by S which is dimensionless.
For piezoelectric materials these are expanded with
• Electric field intensity, denoted by E with the unit [V/m],
• Electrical displacement, denoted byD with the unit [N/Vm].
Strain can be expressed in terms of the three-dimensional displacement u as [48]:
S = βu (3.1)
with the first-order differential operator β defined as:
β =

∂
∂x 0 0
0 ∂∂y 0
0 0 ∂∂z
∂
∂y
∂
∂x 0
0 ∂∂z
∂
∂y
∂
∂z 0
∂
∂x

. (3.2)
The electric field intensity in turn can be expressed by the gradient of the electric
potential Ve as
E = −∇Ve. (3.3)
In the description of linear piezoceramic material behaviour the following stress-
charge relations apply, given in matrix notation as,
T = cES − eTE (3.4)
and
D = eS + SE (3.5)
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with cE the stiffness matrix (6 by 6) at constant electric field, e the dielectric
constants matrix (3 by 6) and S the permittivity matrix (3 by 3) at constant
mechanical strain.
In this paper the strain-charge relation is used instead [17], because the material
parameters of the manufacturer were specified as such. The strain-charge relation
is given by
S = sET + d
TE (3.6)
and
D = dT + TE (3.7)
with sE the compliance matrix (6 by 6) at constant electric field, d the piezoelec-
tric coupling matrix (3 by 6) and T the permittivity matrix (3 by 3) at constant
mechanical stress.
Devices used as piezoelectric transducers are usually of the 6-mm crystal class,
which implies that there are ten governing parameters (matrix elements) in the
constitutive relations and the other matrix elements are covered by symmetry or
zeros. Five parameters, s11, s12, s13, s33 and s44, are located in the compliance
matrix [48]
sE =

s11 s12 s13 0 0 0
s12 s11 s13 0 0 0
s13 s13 s33 0 0 0
0 0 0 s44 0 0
0 0 0 0 s44 0
0 0 0 0 0 2(s11 − s12)
 (3.8)
three parameters, d13, d15 and d33, in the coupling matrix
d =
 0 0 0 0 d15 00 0 0 d15 0 0
d13 d13 d33 0 0 0
 (3.9)
and two, 11 and 33, in the permittivity matrix
T =
11 0 00 11 0
0 0 33
 . (3.10)
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In our case seven parameters were known from the manufacturer’s specifications
and the three remaining needed to be estimated.
Finally the free, undamped mechanical behaviour of this system is described by
Newton’s second law:
βTT = ρ
∂2u
∂t2
(3.11)
with ρ the density of the piezoceramic material, and by
∇.D = qe (3.12)
with qe the surface charge, which means that the piezoceramic contains only free
surface charges on the electrodes, because the piezoceramic itself is an insulator
[41]. Damping can be introduced by a mechanical loss factor ηm added to the
stiffness matrix as c¯Eij = cEij + iηm for each of the non-zero elements ij of cE .
With the given equations the dynamics inside the piezoceramic can be described
with a set of four partial differential equations, three for displacement vector u
and one for potential Ve
ρ
∂2u
∂t2
− βT (cEβu+ eT∇Ve) = 0 (3.13)
∇.(eβu− S∇Ve) = qe (3.14)
with cE = sE−1, e = dsE−1 and S = T − dsE−1.
3.2.2 Boundary conditions
In order to solve the set of partial differential equations on a 2D-domain, four
boundary conditions are needed. Let us, for instance, consider a rectangular piece
of piezoceramic material with two electrodes, which is subjected to an electric AC
potential with varying frequency Ve = V0(ω) on the upper electrode. The lower
electrode is grounded. Consequently, this case may be considered as a quasi-
static one: the frequency varies, but the vibration of the transducer is in steady
state. In such a case, the following boundary conditions apply:
• On the lower boundary (electrode): Ve = 0;
• On the upper boundary (electrode): Ve = V0(ω);
• On all boundaries: n.T = 0;
• On the side boundaries (edges): n.D = 0 .
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3.3 Materials and Methods
The calibration method is based on a combination of experiments and numerical
calculations using the FE model, implemented in Comsol version 3.5a. Subse-
quently, a sensitivity study was performed using the final FE model and varying
all material parameters of the FE model.
3.3.1 Experiments
A plate of piezoceramic material (SPC-140) including electrodes was obtained
from SonoSep Technologies, manufacturer of US separators. The size of the PZT
was 22.5×13.5×0.983 mm including two 10 µm electrodes. The impedance anal-
yser used was a SinePhase 16777k USB analyser. The piezoceramic was placed
upright on a sheet of foam in order to minimise the influence of the boundary
conditions on the results. The piezo was stabilised by the electrode wires of the
analyser (Figure 3.1). Impedance measurements were done in a range from 1.5-
2.5 MHz, knowing this to be the range of application, while applying an average
voltage of 200 mV between the electrodes.
Figure 3.1: Setup for impedance analysis on a plate of piezoceramic material SPC-140.
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3.3.2 Finite element model
Numerical simulations for the model calibration step were performed using the
partial differential equation and finite element solver, Comsol version 3.5a, cou-
pled to Matlab version 7.7.0. Each of these programs was applied for a different
purpose. Comsol was used for the calculation of the admittance and structural
deformation and Matlab was applied for the pre- and post-processing, sensitivity
analysis and parameter optimisation routine.
One half of the piezo element, cut along the largest dimension, was modelled with
one-sided symmetry using 392 triangular 2D elements. All remaining boundaries
of the piezo element were free to move, similar to the experiments, and a voltage
of 200 mV was applied to the upper electrode, while the lower electrode remained
grounded. A second 3D quarter piezo model with 3030 prism elements was made
in order to study the influence of the largest dimension on the results.
Material parameters of the SPC-140 piezoceramic were obtained from SonoSep
Technologies, according to the values given in Table 3.1. The parameters were
assumed to be correct and the remaining unknown parameters were estimated.
3.3.3 Optimisation routine
For the parameters given in Table 3.2, a non-linear least-squares optimisation al-
gorithm was run, using the parameterised 2D FE model in Comsol. The objective
function was defined as the sum of squared differences between experimental and
simulated admittance magnitude, where the differences were defined as
F = |Yexp(f)| − |Ysim(f)| (3.15)
with F the residual vector, Yexp the measured admittance and Ysim the simu-
lated admittance in the frequency range from fmin to fmax.
In our application, we used a least squares large-scale optimisation algorithm
that at each iteration minimised the squared 2-norm of the vector F − J∆b with
J = ∂Fi∂bj , the Jacobi matrix, and ∆b = b
(i+1) − b(i) the estimate of the solution
for the current iteration. Hence, given the estimate at iteration i, being b(i), and
∆b, the new estimate b(i+1) can be calculated. In fact, this is an iterative linear
solution using a first-order approximation of the non-linear estimation problem
[44]. This implies that an ordinary least squares estimated solution ∆b can be
found from
∆b = (JTJ)−1JTF . (3.16)
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Table 3.1: Material constants of piezo material SPC-140. The subscripts with numbers,
e.g. d31, indicate the coupling in direction 3 with the value in direction 1. For example:
a mechanical displacement in z-direction (3) results in a voltage change in x-direction
(1)
Parameter Value Unit Description
s11 11.7 ×10−12 m
2
N elastic constant 11
s33 14.7 ×10−12 m
2
N elastic constant 33
d13 -60 ×10−12 mV charge constant 13
d33 200 ×10−12 mV charge constant 33
d15 265 ×10−12 mV charge constant 15
T33
0
800 - relative permittiv-
ity
33 direction with
0=8.85419
×10−12 Fm
T11
0
680 - relative permittiv-
ity
11 direction
kp 0.50 - coupling factor p
k33 0.60 - coupling factor 33
k31 0.25 - coupling factor 31
Q 350 - quality factor
Nt 2100 Hzm frequency constant
in thickness mode
tan δ 10 ×10−3 - dielectric loss fac-
tor
In order to obtain the accuracy of final estimate b∗, an estimate of the covariance
matrix of b∗ can be obtained from
Cov[b∗] = σ2(JTJ)−1 (3.17)
with variance σ2 defined by
σ2 =
F TF
n− p (3.18)
and with J and F the final Jacobi matrix and estimated residual vector,
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Table 3.2: Material parameters of piezo material SPC-140 to be estimated and
predefined range and parameter step for full factorial design of experiments [first
value:step size:last value].
Parameter Range Unit Description
s12 [-5:0.2:-4]
×10−12
m2
N elastic con-
stant 12
s13 [-5:0.2:-4]
×10−12
m2
N elastic con-
stants 13
s44 [4:0.2:4.2]
×10−11
m2
N elastic con-
stant 44
[4.0:0.2:5.0]
×10−11
respectively. Hence,
Cov[b∗] =
F TF
n− p(J
TJ)−1 (3.19)
with n the number of function evaluations, in our case the number of numerical
samples (length of Y = 4001), and p the number of estimated parameters, in our
case three. Cov[b∗] is a symmetric matrix with the squared estimated standard
deviation of the solution b∗ on the diagonal and which satisfies the Cramer-Rao
inequality (see e.g. [44, 6]).
Note that the result of the minimisation depends on both the frequency range,
specifically the values of Yexp and Ysim, as well as the frequency step applied,
i.e. the final number of function evaluations n.
3.3.4 Initial estimate
To reduce the computational costs of the numerical optimisation and to avoid
local minima, to a large extent, initial estimates of the three parameters in vec-
tor b were obtained from two full factorial designs of experiments (DOE): each
parameter was varied with fixed steps in a predefined range and the peak of
the admittance curve was compared with experimental data. The first series
included parameters s12 and s13 each with six steps and s44 in two steps (72
simulations). This series showed that s44 seemed not very sensitive to variation,
which was further investigated with a second DOE varying s44 in six steps as
well [4:0.2:5]×10−11. The DOE ranges and parameter steps are given in Table
3.2.
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Figure 3.2: Admittance Bode plot for the piezoceramic. Nine measurements with a
frequency sweep from 2.0-2.1 MHz with 100 Hz intervals on a single new specimen.
3.4 Results
3.4.1 Experiments
The experiments and simulations were the basis for the piezo model calibration
process. Figure 3.2 shows the admittance curves versus frequency for nine mea-
surements on a single specimen. Except for one measurement (also shown in
Figure 3.2), the curves are quite reproducible. There was no reason, however, to
discard the outlying measurement. Two close peaks in the magnitude of the ad-
mittance occur, namely at 2.045 MHz and at 2.052 MHz. The peak corresponds
to the maximum real admittance, which means that the maximum power P of
the system is reached P = Vrms ∗ Irms = Vrms2 ∗ Y , with rms indicating the
root-mean-square of the harmonic signal V and I .
The width of the peak at half height is a measure for the attenuation of the system,
denoted by the quality factorQ = ∆ffc , where ∆f the peak width at half the height
and fc the frequency of the peak. The higher Q, the better the performance
of the system. The average Q factor in nine experiments was 129, based on
estimates of the SinePhase software version 2.3. The attenuation or loss can
have a mechanical, electrical or electro-mechanical origin. The analyser does not
discriminate between the different types of loss.
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Figure 3.3: Absolute value of the admittance versus frequency for a full factorial DOE
varying s12 (6 values), s13 (6 values) and s44 (2 values).
3.4.2 Simulations
Apart from the three parameters in the numerical optimisation, also the quality
factor (attenuation) needed to be adjusted, because the peak in the simulations
was too narrow and too high. Attenuation was modelled as mechanical loss with
a loss factor ηm = 1Q . It is known that specified quality factors in data sheets are
usually theoretical maximum values, which are seldom reached in practise. A Q
of 129, as measured, instead of the specified 350, indeed gave better results.
The DOE involved three parameters, s12, s13 and s44, each of which was varied
with six different values. The admittance curves of the first 6×6×2 DOE are
shown in Figure 3.3 . This figure shows that peak frequency varies significantly
with s12 and s13 and further optimisation is justified.
The sum of squared differences between the simulated and experimental signal
(residual) was taken as a measure for the goodness-of-fit, similar to the optimisa-
tion routine. Figure 3.4 shows the sum of squares of the residuals versus s12 and
s13, indicating two minima in the DOE. The parameter values associated with
these minima were taken as starting values for the optimisation. The influence of
s44 was negligible in comparison to the other two parameters, which can also be
derived from the sensitivity analysis below.
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Figure 3.4: Residual sum of squared differences between simulated and experimental
admittance (z-axis) versus s12 (x-axis) and s13 (y-axis).
The results of the optimisation routine following the DOE are given in Table 3.3.
This table provides the following results:
• the initial estimated value before optimisation based on the DOE. Two ini-
tial estimates were used;
• the value of the estimated parameters;
• the estimated standard deviation of the solution.
The final parameter values in Table 3.3 appeared to be independent of the initial
estimate.
Given the standard deviation, which is near 1% for each parameter, one can con-
clude that the estimated solution is accurate enough to be used for future simula-
tions. The sensitivity study in section 3.4.3 will show once more that parameter
s44 is rather insensitive to variations considering the thickness mode.
The fitted admittance curve for the three estimated parameters and the new quality
factor is shown in Figure 3.5 and 3.6. The double peak seen at resonance near
2.05 MHz in the experiments could not be found in the simulations. Simulations
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Table 3.3: Material constants of piezo material SPC-140 estimated with a least squares
optimisation routine
Parameter Initial Final Standard Multiplication
estimates value deviation factor
s12 -5.0 / -4.4 -4.88 0.017 ×10−12
s13 -4.4 / -4.6 -4.44 0.005 ×10−12
s44 4.5 / 4.5 5.00 0.011 ×10−11
Figure 3.5: Admittance amplitude plot obtained with a least squares optimisation
routine with 2D simulations. The theoretical quality factor Q needed to be reduced from
350 to the measured value of 129 to obtain the correct peak height. The 3D analysis
was added for comparison and shows small differences with the 2D results.
over a larger frequency range showed no additional higher peaks, which verifies
that the peak shown is the eigenfrequency searched for. In addition to the 2D
analysis, a 3D analysis was added for comparison. The 3D simulation results
(Figs. 3.5 - 3.6) were quite similar to the 2D results, justifying that subsequent
analyses can be made with a 2D model. Figure 3.7 shows the vertical acceleration
pattern in the 3D (quarter) transducer model at the eigenfrequency of 2.05 MHz,
verifying the characteristic shape of the first thickness mode.
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Figure 3.6: Admittance phase plot obtained with a least squares optimisation routine
with 2D simulations. The 3D analysis was added for comparison and shows small
differences with the 2D results.
3.4.3 Sensitivity study
In order to obtain insight into the sensitivity of the FE model on the piezo ma-
terial parameters, each of the parameters was varied independently by ± 1%.
The response of this variation on the shift in eigenfrequency and magnitude of
the admittance peak is shown in Table 3.4. These results show that parameter
changes of 1% result in frequency changes of less than 1%, which, however, still
corresponds to 20 kHz. For a frequency controller, this frequency shift is small,
but for the efficiency of a resonator it is substantial, because the admittance de-
creases rapidly with minor frequency shifts. In some cases the frequency changes
are small (11, d15 and Q). The magnitude of Y changes less than 1% for param-
eters which have no z-component (direction 3) and over 7% for s33, which means
that this piezoceramic characteristic is sensitive to changes in s33. An illustration
of the effect of the more sensitive parameters s13 and d31 on the admittance is
shown in Figure 3.8 comparing the sum of residual differences between experi-
ment and simulation. This figure shows a saddle point, indicating that multiple
minima will occur and thus multiple solutions will exist if these parameters were
included into an optimisation routine. A similar small variation of s33 combined
with d33 did not show multiple minima.
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Figure 3.7: 3D acceleration pattern of the quarter piezoceramic at the eigenfrequency
of 2.05 MHz, verifying the first thickness mode.
3.5 Discussion
On the basis of the material parameters given for SPC-140 and the formulae stated
in the EN50324 standard at least s12 could have been estimated in advance, as-
suming one has the standard at hand. Nevertheless, the value obtained thus, -11
pm2
N , did not even provide any reasonable starting value for optimisation. More-
over, for determination of s44 and s13 another set of characterisation measure-
ments is needed. Therefore, the full unknown set of three compliance parameters
was taken as a basis for characterisation.
If all ten parameters of the piezoceramic were taken as input for the optimisation
routine, no consistent solution was to be expected, because multiple parameters
have similar effects on the admittance. Figure 3.9 shows the eigenfrequency of
the admittance resulting from a 6×6×3 DOE with s12, s13 and s33, with s33 vary-
ing between 14.6 and 14.8 pm
2
N . The figure shows that a similar peak location
or eigenfrequency can be obtained by multiple sets of parameters, taking into ac-
count only three out of ten. Thus as the amount of unknown parameters increases
many more possible optimal solutions will appear. Table 3.5 shows the result of
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Figure 3.8: Residual sum of squared differences between simulated and experimental
admittance (z-axis) versus s13 (x-axis) and d31 (y-axis).
a full 10 parameter optimisation with starting values derived from manufacturer
data and results from the previous optimisation. The deviations from manufac-
turer data are small, although d15, being an insensitive parameter (see Table 3.4),
deviated near 5%. This result gives trust in the manufacturer data. Nevertheless, a
10 parameter optimisation takes several days to compute, while three parameters
are optimised in only a few hours.
In this study an appropriate fit was obtained for the admittance peak, whereas
the maximum impedance (or minimum admittance) peak at 2.32 MHz was not
similar to the experimental peak. Piranda et al. [61] recommended to use both
the admittance and the impedance peaks for material characterisation. In our case
taking into account both peaks meant that at least one more material parameter
needed to be changed: either 33 needed to increase or d33 needed to decrease
approximately 5% for a good fit. Ebenezer and Sujatha [22] showed that d33 was
always overestimated by approximately 0.5-5% with a 1D experiment, so that a
decrease would be justified, while they showed that 33 always gave a perfect fit.
Decreasing only d33 by 5%, however, meant changing other parameters as well
for a decent fit (see Table 3.6 and Figure 3.10). This change was not desirable,
because the characteristics given (i.e. d33 = 2×10−10) were the basis for the
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Table 3.4: Sensitivity of admittance peak frequency and magnitude to 1% change in
parameter value. The first row of each parameter corresponds to -1% change, the
second to +1% change. The shift is calculated as a percentage of the given reference
value
Parameter Frequency Frequency abs(Y ) Y shift
[kHz] shift [%] [S] [%]
(ref: (ref:
2051.6 kHz) 0.5454 S)
s11 2062.6 0.54 0.55 0.21
2041.0 -0.52 0.54 -0.36
s33 2068.8 0.84 0.58 5.70
2034.8 -0.82 0.51 -7.19
s12 2047.0 -0.22 0.54 -0.39
2056.0 0.21 0.55 0.35
s13. 2039.0 -0.61 0.52 -4.78
2064.6 0.63 0.56 3.58
s44 2051.8 0.01 0.54 -0.94
2051.2 -0.02 0.55 0.85
11 2051.6 0.00 0.54 -0.08
2051.4 -0.01 0.55 0.08
33 2052.2 0.03 0.55 0.14
2050.8 -0.04 0.54 -0.13
d33 2049.8 -0.09 0.52 -3.87
2053.2 0.08 0.57 3.99
d15 2051.4 -0.01 0.55 0.11
2051.6 0.00 0.54 -0.10
d31 2052.0 0.02 0.55 1.74
2051.0 -0.03 0.54 -1.71
1
Q
2051.6 0.00 0.55 1.00
2051.6 0.00 0.54 -0.98
Table 3.5: Result of optimisation with 10 parameters showing the initial values, derived
from the previous optimisation, the final values and the deviation from the initial value.
Parameter Initial Final Difference with Multiplication
value value initial value factor
s11 11.70 11.79 -0.8% ×10−12
s33 14.70 14.68 0.1% ×10−12
s12 -4.88 -4.97 -1.8% ×10−12
s13 -4.44 -4.41 0.7% ×10−12
s44 5.00 4.57 8.6% ×10−11
d33 2.00 2.01 -0.5% ×10−10
d15 2.65 2.78 -4.9% ×10−10
d31 -0.60 -0.60 0.0% ×102
11 6.80 6.73 1.0% ×102
33 8.00 7.99 0.1% ×102
current approach. Moreover, the separator to be made will be operated near reso-
nance (maximum admittance) and not anywhere near anti-resonance (maximum
impedance).
58 CHAPTER 3. MODEL OF THE PIEZOELECTRIC TRANSDUCER
Figure 3.9: Eigenfrequency (peak location) of the admittance (z-axis) versus s12
(x-axis) and s13 (y-axis) at three different values of s33 (the three stacked layers). The
figure was obtained using a 6×6×3 full factorial DOE. The figure shows that the set of
three parameters is not unique at a given eigenfrequency.
Table 3.6: Material constants of piezo material SPC-140 estimated with a least squares
optimisation routine after decreasing d33
Parameter Value Multiplication
factor
d33 1.90 ×10−10
Q 1.51 ×102
s12 -4.62 ×10−12
s13 -4.55 ×10−12
s44 5.00 ×10−11
3.6 Conclusion
As a first step in ultrasonic separator modelling, a numerical model of an SPC-
140 piezoceramic was established using the material parameters specified by the
manufacturer complemented, to preserve prior physical knowledge, with esti-
mated characteristics of the remaining unknowns using an optimisation routine.
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Figure 3.10: Admittance amplitude plot obtained with a least squares optimisation
routine with 2D simulations after decreasing d33 by 5%. This implied increasing quality
factor Q as well.
The optimisation routine gave consistent results for multiple starting values ob-
tained from a full factorial design of experiments. Limiting the optimisation to a
minimum amount of parameters is essential in preventing the occurrence of mul-
tiple minima with an increasing amount of unknown parameters to be estimated,
resulting in unrealistic numerical models. Using manufacturer data as known
initial values for a larger scale optimisation requires much more computational
power, while showing little improvement of the result.
The quality factor specified by the manufacturer (Q=350) was much higher than
measured and implemented (Q=129). The sensitivity analysis showed that small
changes (1%) to the material parameters can also change the eigenfrequency with
approximately 1%, which is about 20 kHz, and can cause changes up to 8% in the
calculated peak admittance. Such sensitivity calls for precise frequency control
in a ultrasonic separation unit to maintain maximum efficiency.
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4. MODEL OF AN ULTRASONIC SEPARATOR
Abstract
Our final aim is to apply acoustic separation technology for the recovery of valu-
able particulate matter from wastewater in industry. Such large scale separator
systems require detailed design and evaluation in order to optimise the system
performance at the earliest stage possible. Numerical models can facilitate and
accelerate the design of this application. Therefore, a finite element (FE) model
of an ultrasonic particle separator is a prerequisite. In our application the particle
separator consists of a glass resonator chamber with a piezoelectric transducer
attached to the glass by means of epoxy adhesive. Separation occurs most effi-
ciently when the system is operated at its main eigenfrequency.
The aim of the paper is to calibrate and validate a model of a demonstrator ultra-
sonic separator, while preserving known physical parameters and estimating the
remaining unknown or less certain parameters to allow extrapolation of the model
beyond the measured system. A two-step approach was applied in order to obtain
a validated model of the separator. The first step involved the calibration of the
piezoelectric transducer. The second step and subject of this paper, involves the
calibration and validation of the entire separator using non-linear optimisation
techniques.
The results show that the approach lead to a fully calibrated 2D model of the
empty separator, which was validated with experiments on a filled separator cham-
ber. The large sensitivity of the separator to small variations indicated that either
such system should be made and operated within tight specifications to obtain the
required performance or the operation of the system should be adaptable to cope
with a slightly off-spec system, requiring a feedback controller.
This chapter was published as
H. Cappon and K.J. Keesman (2012) Numerical modeling, calibration and validation of an ultra-
sonic separator. IEEE transactions on Ultrasonics, Ferroelectrics and Frequency Control, Vol. 60,
No 3, pp 614-621
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4.1 Introduction
The principle of acoustic separation has already been investigated by various
studies [60, 35, 33, 36, 65, 57] and is in use in commercially available acous-
tic separators for fluid suspensions, like the BioSep from Applikon (Metrohm-
Applikon B.V., Schiedam, The Netherlands). Numerical studies of acoustic sepa-
rators have also been performed by various authors [36, 56, 37, 25, 55]. However,
to our knowledge, none of them present a step-wise strategy for obtaining a cal-
ibrated and validated model, which can be applied in a numerical design process
and performance optimisation.
Optimising the design of a separator is important when larger volumes with high
efficiency need to be processed. Experimental optimisation with changes made
to a series of prototypes is an extensive and expensive method, providing little
insight into the main parameters influencing the separation process. In this con-
text, numerical models are a cost effective way of understanding, improving and
optimising systems. Therefore, the aim of the paper is to calibrate and validate an
FE model of an existing separator preserving the known parameters of the system
and estimating the unknown parameters, similar to the approach presented earlier
[11], while simultaneously gaining a thorough understanding of the parameters
which are important for the design of a novel separation device.
The piezoelectric transducer in an ultrasonic separation system acts both as an
actuator and as a sensor. The response of both the mechanical structure as well as
the coupled fluid layer in the separation chamber affect the electrical properties
of the transducer and therefore influence the resonance frequencies of the system.
These eigenfrequencies occur when the impedance, the ratio of voltage (V ) and
current (I), defined as Z = V/I is minimal, or more precisely, when the real
part of the (complex) impedance is minimal. In practise, it is easier to find the
maximum of the inverted impedance, which is the admittance Y = I/V . Due
to dissipation in the material, I and V are not in phase. Hence, in what follows,
complex variables are used. Measured and simulated electrical admittance at
different frequencies were used for model calibration and validation.
Characterisation and validation of the SPC-140 piezoelectric transducer itself was
performed in a previous study [11]. Consequently, the current focus is on the
separation unit model with the transducer as is.
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4.2 Materials and Methods
4.2.1 Device description
An ultrasonic resonator cuvette is one of the simplest physical representations of
an ultrasonic separator (Figure 4.1). This device was built by SonoSep Technolo-
gies and was used to demonstrate the principle of ultrasonic particle separation, in
our case resulting in enhanced sedimentation of suspended starch. The aim was
to use this physical separator for calibration and validation of an FE separator
model, which is to be modified at a later stage to support novel designs.
This resonator is a rectangular, beam shaped enclosure made of borosilicate glass
driven by a piezoelectric transducer. The wall unto which the transducer is glued
is called the matching layer. The wall opposite to the matching layer, across the
cavity with the fluid, is called the reflector. In case the reflected wave matches
the incoming wave, a standing wave is created. In such case the acoustic pressure
across the cavity will consist of (fluid) velocity nodes and anti-nodes in which the
suspended particles will concentrate and agglomerate depending on their physical
properties [30]. The piezoelectric transducer was protected with an aluminium
cover, which was also glued to the cuvette.
In order to model the geometry of the cuvette the main dimensions of the cuvette
were measured with a pair of sliding callipers. The dimensions are shown in
Table 4.1, noting that the matching layer between the transducer and the fluid
could not be measured accurately because of the aluminium cover. The actual
thickness of the matching layer was verified with the manufacturer, as were the
dimensions of the piezoelectric transducer. The thickness of the epoxy adhesive
layer between the transducer and the glass was estimated by the manufacturer
to be near 50 µm. The electrodes of the transducer were cut in half along the
vertical axis and the two half adjacent transducers thus created were electrically
connected in series. The end electrodes were connected to the amplifier and the
remaining two electrodes were interconnected, creating a unidirectional current
inside the two halves. This arrangement resulted in a higher impedance, allowing
higher operating voltages for a given current.
The piezoelectric transducer is driven by a frequency controller (Applikon ADI1015)
which maintains the eigenfrequency of the system within a given frequency band-
width. The controller aims to maximise the real output power at constant voltage,
thus searching for maximum real electrical admittance.
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Table 4.1: Main dimensions of the cuvette
Dimension size [mm]
Outer height 70
Cavity height 67
Cavity width (right-left) 27
Cavity depth (fore-aft) 20
Side wall thickness 3.2
Matching layer thickness 4.25
Reflector layer thickness 3.2
Transducer height 44
Transducer width 23
Transducer thickness 0.965
4.2.2 Experimental approach
For the calibration and validation of the FE model admittance measurements were
performed with the separator in both empty and water filled conditions. In the
empty condition the side walls and reflector have little influence on the measure-
ments, because the air in the cavity of the separator cannot adequately transfer
the acoustic energy through the cavity. Water on the other hand is perfectly capa-
ble of transferring this acoustic energy and thus the reflector and side walls will
affect the measurements.
Admittance measurements were performed with a SinePhase 16777k impedance
analyser, using both an empty separator and a filled one. Frequency sweeps were
in the range of 0.5 - 3 MHz with 250 Hz steps and 1.95 - 2.05 MHz with 25
Hz steps, thus focusing on our domain of interest, which are the main operating
frequencies of the separator near 2 MHz. The quality factor of the main eigen-
frequency in the system was estimated from the highest peaks found, using the
software (version 2.3) provided with the analyser. The temperature of the water
in the filled separator was measured with a 0.2K scale thermometer, before and
after each admittance measurement to ensure thermal stability.
The material parameters of glass and water were known. However, the material
properties and thickness of the adhesive layer between piezoceramic and glass
were unknown. Moreover, the dimensions of the system were of large influ-
ence at high ultrasonic frequencies (near 2 MHz), as will be shown, and not all
dimensions could be easily measured and implemented into the model. There-
fore, optimisation of the thickness of matching layer and epoxy adhesive layer
was done with admittance measurements on the empty separator, while using the
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filled separator for model validation.
Figure 4.1: The borosilicate cuvette, a basic non-flow separation device, with a BNC
power connector on the right side.
4.2.3 Numerical model
A 2D numerical model of the separator was developed with the finite element
solver Comsol (Comsol Inc. Burlington MA, USA), version 4.1. The model was
set up in top view, as shown in Figure 4.2, and consists of three components: the
piezoelectric transducer, an epoxy adhesive layer and a borosilicate glass cuvette.
The aluminum cover was excluded from the model. The assembly is a sym-
metrical system, apart from the electrical connection between the two transducer
halves, these are connected in series. So structurally the model is symmetrical,
but electrically it is not. In the Comsol solver one needs to apply the feature of
boundary similarity to ’connect’ the electrodes in series.
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Figure 4.2: Finite element model of the separator, top view. The five numbered areas
are 1) glass cuvette, 2) water, 3) adhesive layer, 4) and 5) piezo halves.
Furthermore, the model was set up using two coupled domains: a piezoelectric
domain for the electro-mechanical vibration and a pressure acoustics domain for
the sound propagation in the fluid. The piezoelectric transducer, the epoxy ad-
hesive layer and the cuvette were assigned to the piezoelectric domain. Glass
and epoxy adhesive were modelled as an anisotropic, decoupled (non-electric)
material. In the case of a water filled cuvette a sound propagating fluid in the
pressure acoustics domain was implemented. The coupling between the two do-
mains across the boundary was as follows:
• The acoustic pressure of the water was modelled as distributed force (force
per unit length) on the inner glass walls of the separator, thus having con-
tinuity in pressure;
• The mechanical acceleration of the glass walls was similar to the acoustic
acceleration of the water inside the separator, thus having continuity in
acceleration;
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• The outside area of the transducer and the separator radiate into the sur-
rounding air having a specific impedance zair = ρaircair with ρair the
density of air (1.25 kg/m3) and cair the speed of sound in air (343 m/s).
The material properties of the SPC-140 piezoceramic were taken from a prior
characterisation [11]. The elastic (E) modulus and density of borosilicate glass
were 63 [GPa] and 2230 [kg/m3], the Poisson ratio was 0.20. The adhesive layer
was modelled using material parameters from Epo-Tek 301 epoxy adhesive, pro-
vided by Cease et al. [16] with an elastic modulus of 3.67 [GPa], a density of
1080 [kg/m3] and Poisson ratio 0.358. The quality factor Q (an inverse measure
for attenuation) was initially set to 25, derived from Hill et al. [36]. Note that the
E-modulus of the epoxy adhesive is much smaller than the modulus of the glass
(63 GPa) and the piezoelectric transducer (68 GPa) [11]. The adhesive layer was
modelled as 0.040 [mm] thick epoxy, being an initial estimated value.
4.2.4 Calibration and validation strategy
The calibration and validation process is summarised in the flow chart of Figure
4.3.
In order to study the influence of epoxy characteristics on the system’s response,
the unknown parameters, being epoxy layer thickness, Young’s or E-modulus
and damping were varied in a rectangular grid (indicated in Figure 4.3 by DOE
- design of experiments). Moreover, the thickness of the matching layer was
known up to 0.05 mm accuracy and could not be measured, introducing another
unknown parameter, which was varied as well on a fixed interval. Finally, the
attenuation of the piezoelectric transducer will be influenced by the surrounding
structure, so that the Q-factor found in our previous study [11] is likely to change
as well. Thus five parameters are used in the calibration step as indicated in Table
4.2.
Given the model responses related to the different parameter combinations, the
most sensitive parameters were selected for calibration of the empty separator
model. The non-linear least squares optimisation routine applied to estimate these
parameters was similar to the one in our earlier study of the transducer [11]. In
summary, the objective function was defined as the sum of squared differences
between experimental and simulated admittance magnitude, while a least squares
large-scale optimization algorithm was used, updating the parameter estimation
vector b at each iteration. The accuracy of the solution was determined from the
covariance matrix of the estimated solution vector. The validation step encom-
68 CHAPTER 4. MODEL OF AN ULTRASONIC SEPARATOR
passes the comparison of the model response with the experimental data from a
filled separator, while keeping parameters fixed.
In the Comsol simulations similar frequency sweeps as in the experiments were
performed. Typically, these 1.8-2.4 MHz frequency sweeps with 2 kHz steps re-
quired 6 minutes on an Intel Core i5 3.1 GHz CPU with 3 Gb of RAM. Finally,
the admittance was calculated at the (electrically hot) boundary of the piezo trans-
ducer as Y = I/V . As Comsol software calculates the electric current through
each FE element, the current was integrated across all boundary elements to cal-
culate the (overall) admittance of the piezo transducer.
4.3 Results
4.3.1 Experiments
The results of the experimental admittance measurements are shown in Figure
4.4. Two main peaks can be seen at 1.99 and 2.29 MHz. The quality factor Q of
the first main peak was estimated to be 360, the Q of the second 129.
For the validation the admittance of the filled separator was measured at three
different water temperatures: 19.0, 19.2 and 20.2 °C. As the water was heated by
the surrounding (higher) room temperature, it can be assumed that the tempera-
ture of the entire system was thermally stable during each experiment. Moreover,
the system hardly heated itself during the (low voltage) impedance measurement,
which was verified by the temperature taken before and after each run. As can be
seen from Figure 4.5, the slight changes in temperature caused frequency shifts
of several kHz.
4.3.2 Calibration
The calibration of the FE model was performed with admittance measurements
of the empty separator, because it involves fewer variables than a filled separator.
Applying the material properties and geometry as in Table 4.1 and the initial
values from Table 4.2, resulted in the admittance curve for the 2D model of the
empty system as shown in Figure 4.6. These results show that the model produces
two peaks at almost the right location, but that the height of the peaks is incorrect.
Changes were then made to the parameters shown in Table 4.2, to find out which
of these are responsible for any of these discrepancies. The results of these vari-
ations are shown in Figures 4.7 to 4.11. These figures show that the epoxy E-
modulus and the epoxy layer thickness are responsible for changes in the position
69
of the second peak: higher stiffness or smaller thickness result in lower eigenfre-
quencies. Secondly, the matching layer thickness is responsible for the position
of both peaks: a larger thickness means a lower eigenfrequency. The epoxy Q-
factor accounts for the height of the second peak, whereas the transducer Q-factor
accounts for the height of the first. These results show that two largely indepen-
dent parameter groups can be distinguished: stiffness and thickness determine
peak positions, whereas Q factors determine peak height, which is to be expected
for linear dynamic systems. Note that the model is very sensitive to changes in
epoxy adhesive layer thickness and the matching layer thickness, because small
changes of 10 µm and 0.05 mm, respectively, result in a eigenfrequency shifts of
10 and 20 kHz.
Table 4.2: Parameter grid for model calibration
Parameter Initial Grid points Calibrated Standard Unit
value [start:step:stop] value deviation
Epoxy E-modulus 3.664 2.0:0.5:5.0 - - GPa
Epoxy Q 25 25:25:150 20 1.1 -
Epoxy thickness 40 30:5:50 45 <1h µm
Transducer Q 129 100:50:400 322 29 -
Matching layer 4.25 4.15:0.05:4.30 4.255 <1h mm
thickness
Based on these results two separate optimisation runs were performed: one to po-
sition the peaks using the epoxy layer thickness and the matching layer thickness
and the second to acquire the right admittance magnitude of both peaks. Optimi-
sation focussed on the two peaks of interest, thus limiting the frequency ranges
to 1.95-2.05 MHz and 2.25-2.35 MHz. The epoxy E-modulus was kept constant,
because it will counteract the epoxy layer thickness. The calibration results are
given in Table 4.2 (column 4 and 5) and the admittance plots are shown in Figure
4.12. Note that the adhesive layer thickness and the matching layer thickness
changed very little during the calibration, while still showing large model im-
provement. The large change in the transducer Q-factor was needed to obtain
the correct response of the first eigenfrequency at 1.99 MHz. The minor thick-
ness changes, with corresponding small standard deviations (Table 4.2), and the
results of the variations in Figure 4.9 and 4.11 indicate high sensitivity of the
admittance to the layer thicknesses.
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4.3.3 Validation
The validation step encompasses the comparison of the model response, using
the fixed (Table 4.1) and calibrated (Table 4.2) parameter values, with the exper-
imental data from a filled separator. Dimensions of the cavity and the reflector
were measured and were kept constant during the validation. The temperature
of the water in the model was set equal to the experiments. Because there were
slight eigenfrequency differences seen between experiments and simulations, the
influence of cavity width and water temperature was also evaluated. Variation
of the cavity width and water temperature showed that small inaccuracies (50
µm in width and 0.1°C, see Figure 4.13) caused frequency shifts of several kHz.
A good fitting model was obtained with a cavity width of 19.95 mm instead of
20.0 mm (Figure 4.14). This is within the accuracy of the sliding calipers used
to measure the dimensions. Note that not all eigenfrequencies are equally well
matched, which will be discussed in the next section. The pressure profiles of the
water filled separator in Figure 4.15 show the typical nodal lines which cause the
ultrasonic agglomeration of particles.
4.4 Discussion
Several studies have shown the potential of numerical models in understanding
the influence of various parameters on the system response. Some have clearly
shown, mostly with 1D models, that the influence of the adhesive layer is sub-
stantial and needs to be taken into account in the models [36, 8]. This conclusion
is further supported by this study using 2D models, while even identifying the
large influence of the adhesive layer thickness and its material characteristics.
The results showed that the approach led to a successfully calibrated 2D model
of the complete separator. In the validation step, some differences remain be-
tween the physical device and the model causing eigenfrequency shifts (see Fig-
ure 4.14). These differences are mainly attributed to small inaccuracies and non-
linearities in the physical device, whereas the model is fully linear (except for
the characteristics of water implemented in the Comsol software, i.e. non-linear
behaviour of density, viscosity and thus speed of sound as a function of temper-
ature). An example of a non-linearity in the physical device is caused by the
borosilicate bottom of the cuvette, which reflects ultrasonic waves as well and
which is not covered by a 2D model. Additionally, the 2D model assumes 2D
waves, whereas 3D waves occur in reality. The earlier modelling study of the
piezoelectric transducer, optimized to the thickness mode only, already showed
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that the transducer is not fully linear [11], because its geometry is far from the
ideal sample assumed in the standards. Therefore, it was most unlikely from the
beginning that the full model would perfectly fit the experimental data, because
for the whole separation unit even more possible non-linearities were introduced.
Even though the numerical approach was successful, the sensitivity analysis on
the piezo transducer and the results of the DOE in this study show that very
small changes to the input parameters, like the epoxy adhesive layer thickness or
even the water temperature, will dramatically change the system response. This
means that either such system should be made and operated within tight specifica-
tions to obtain the required performance or the operation of the system should be
adaptable to cope with a slightly off-spec system, requiring a feedback controller
to find and maintain the eigenfrequency, as is currently done with Applikon’s
ADI1015.
It would be interesting to validate the model also with a half filled separator,
because a half filled system shows the intermediate state of an empty separator
and a filled one, thus showing the increasing influence of the water level on the
impedance as the separator fills up. A distinction between impedance caused by
the matching layer and impedance caused by the water and the other walls will
further help understanding the system. In that case, however, one would need
a full 3D model. An empty separator modelled in 3D already contains over 9
million elements, because a fine mesh is needed for the high frequency acoustics.
Hence, a 3D FE model of a (half) filled separator could not be solved and thus a
3D model with these dimensions is, as yet, not an option.
4.5 Conclusions
A numerical calibration and validation procedure was successfully applied to 2D
FE models of an empty and filled acoustic separator, while preserving known
physical and geometrical properties. The model of an empty separator was first
calibrated to estimate the unknown system parameters and then, with all param-
eters fixed, validated with measurements on a water filled model. The accuracy
and the sensitivity of the model indicates that system optimisation can be done
numerically to a large extent. Nevertheless, given the sensitivity of the model
(and the physical device) to changes in temperature or slightly off-spec dimen-
sions, an optimised system would still require a frequency controller to maintain
an eigenfrequency at which the separation efficiency will be maximum.
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Figure 4.3: Flow chart of the numerical calibration and validation process.
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Figure 4.4: Admittance curve, magnitude and phase, measured on an the empty
separator from 500 to 3000 kHz. The first main peak at 1.99 MHz is caused by the
matching layer of the separator, the second at 2.29 MHz is the (shifted) eigenfrequency
of the piezoelectric transducer.
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Figure 4.5: Admittance curve (magnitude) measured on the water filled separator from
1950 to 2050 kHz at three different temperatures.
Figure 4.6: Experimental and simulated admittance curve of the empty separator based
on the initial 2D model.
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Figure 4.7: Model frequency response while varying epoxy E-modulus from 2.0 to 5.0
GPa in 0.5 GPa steps; increasing stiffness means shifting the second peak to the right
(with increasing line thickness).
Figure 4.8: Model frequency response while varying epoxy quality factor from 25 to
150 in 6 steps; higher Q means higher (second) peak (with increasing line thickness).
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Figure 4.9: Model frequency response while varying epoxy adhesive thickness from 30
to 50 µm in 5 µm steps; increasing thickness means shifting the second peak to the left
(with increasing line thickness).
Figure 4.10: Model frequency response while varying the transducer Q-factor from 100
to 400 in 6 steps; increasing Q means higher (first) peak (with increasing line
thickness).
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Figure 4.11: Model frequency response while varying matching layer thickness from
4.15 to 4.30 mm in 0.05 mm steps; increasing thickness means a general peak shift to
the left (with increasing line thickness).
Figure 4.12: Experimental and simulated magnitude of admittance of an empty
separator. The simulated signal before and after calibration of the 2D model is shown.
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Figure 4.13: Simulated magnitude of admittance of a water filled separator with
varying channel width from 1.99 to 2.01 mm in 50 µm steps; increasing channel width
means a peak shift to the left (with increasing line thickness).
Figure 4.14: Experimental and simulated magnitude of admittance of a water filled
separator showing four eigenfrequencies.
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Figure 4.15: Simulated pressure profile in a 2D separator (top view) showing the
typical nodal and anti-nodal pressure lines causing acoustic particle separation.
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5. BASIC DESIGN FOR AN INDUSTRIAL
SEPARATOR
Abstract
This study presents the process of obtaining a basic design for an industrial scale
acoustic separator based on flow characteristics inside the separation chamber,
on acoustic analysis within the chamber and calculated particle trajectories com-
bining these two analyses. Adequate criteria for subsequent optimisation were
evaluated. Results showed that positioning the piezoelectric transducer surfaces
perpendicular to the flow direction and introducing chamber partitioning with
multiple flow lanes to enforce laminar flow, resulted in high particle retention.
The average particle displacement was found to be related to acoustic pressure in
the fluid, showing large retention at peak pressures above 1 MPa or average pres-
sures above 0.5 MPa for small (10 µm), near buoyant (1100 kg/m3) particles at
a flow speed of 3.5 cm/s, thus providing comprehensible criteria for subsequent
optimisation.
This chapter was published as
H.J. Cappon and K.J. Keesman (2013) Design basis of industrial acoustic separators. In: Proceed-
ings of the IEEE UFFC International Ultrasonics Symposium, Prague, 20-25 July
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5.1 Introduction
Acoustic liquid-solid separation of suspensions has been studied over the last
decades by various researchers [60, 35, 36, 57]. The most recent studies focus on
miniaturising the separation system in order to sense or characterise the particles
trapped [51]. The larger scale application of acoustic separation is limited to one
commercial device, namely BioSep from Applikon (Metrohm-Applikon B.V.,
Schiedam, The Netherlands), which is capable of processing up to 200 L/day.
BioSep applies ultrasound enhanced sedimentation by which particle agglomera-
tion is enhanced by the ultrasonic field thus improving the settling characteristics
of the particles. Other large scale applications (>200 L/day) have remained out
of sight for a number of reasons:
1. Energy consumption - generating a standing wave at high ultrasonic fre-
quencies (above 1 MHz) capable of catching particles requires a quickly
alternating current at several volts, resulting in significant heat loss even at
high Q factors [31];
2. Investment cost - the acoustic properties of the system are at best when
its components are manufactured with high precision of fractions of wave-
lengths, which is comparable to fractions of mm [35, 23];
3. Advanced process control - control is needed to save energy, while main-
taining system’s performance, as minor changes to the circumstances (tem-
perature, flow rate, particle properties, concentration) affect the separation.
Nevertheless, the separation efficiency of these larger systems is quite good (95%
or higher at moderate energy consumption) [15]. Furthermore, there is no or little
deterioration of quality of the filtered (biological) products [26], which also make
them applicable as filters for biological cells or sludge particles [45]. Moreover,
internals are not needed, so that pore blocking or clogging does not occur. Lastly,
high value of the filtered particulate matter and/or the remaining fluid contributes
to the feasibility of this separation process. Improving the efficiency of the sys-
tem by optimisation will eventually make the technique attractive for industrial
operation.
Experimental optimisation with changes made to a series of prototypes is an ex-
tensive and expensive method for system improvement. Numerical models, on
the other hand, are a cost effective way of understanding, improving and opti-
mising systems, whereas they may take quite some time for development and
validation in order to be predictive. However, even in a numerical optimisation
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study one needs to have at least some basic idea on what the separator should
look like. Therefore, the aim of the paper is to provide the background of the
choices to be made in the basic design process using a finite element (FE) model,
and to identify adequate criteria for optimisation.
For any model to be predictive, model validation is required. The materials and
material parameters used in the current FE model are based on earlier work per-
formed on characterisation of an existing separator, including the piezoelectric
transducer thereof [11, 14]. This knowledge provided confidence in the model
needed for the current design update and subsequent optimisation.
5.2 Materials and methods
Basically, the separator to be designed consists of at least one piezoelectric trans-
ducer connected to a resonance chamber, with at least one inlet and one outlet. In
a sequenced batch system, the inlet feeds the water with particulate matter into
the chamber, the outlet contains the purified water, while the particles are retained
within the resonance chamber. These particles can periodically be removed from
the resonance chamber by draining either through the inlet or outlet, while di-
recting the flow to a storage tank with a valve, or through a separate outlet. In a
continuous flow-through system the concentrate and filtrate flows are split right
after separation [34]. Several attempts have been made to make industrial con-
tinuous systems by applying frequency sweeps, frequency stepping or multiple
transducers [55, 33]. The difficulty of process control combined with relatively
low efficiency and high energy consumption do not contribute to a feasible solu-
tion for continuous, large scale (>200 L/day) processing. We therefore aimed at
batchwise processing in this study.
Given these basic requirements, there are still numerous possible designs for an
acoustic separator. In addition to that, there are numerous design parameters that
can be varied during the design process. In this study, a step wise numerical
approach was taken in order to obtain the best design possible. To start with,
the flow direction and positioning of the piezoelectric transducer were studied.
Secondly, the flow patterns, which are best suited for separation were evaluated.
Thirdly, the acoustic properties were studied, thereby searching for suitable opti-
misation criteria at the final stage of the design process.
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5.2.1 Transducer positioning and flow direction
The first step involved the location of the piezoelectric transducer with respect to
the resonance chamber and the flow direction. A theoretical 2D square shaped
resonator with one inlet and outlet was considered throughout this study. The
assumed depth of the system is 20 mm. The resonator (Figure 5.1) consisted
of two opposite, parallel transducers (1.016 mm thick) with a glue layer (0.04
mm) and a wall/matching layer (3.25 mm). The resonator chamber had a height
and width of 30.5 wavelengths (app. 2.3 cm). The transducers combined with
the chamber created a homogeneous acoustic pressure field at an eigenfrequency
near 1.95 MHz. A parabolic shaped inlet flow with constant average flow rate uin
of 6 ml/s was applied from the bottom or the side edges, resulting in a maximum
flow speed of 19.5 mm/s in the centre. In separators using ultrasound enhanced
sedimentation, like BioSep, the flow is parallel to the transducer surface, which is
bottom to top. The drag forces on the particles are then perpendicular to the main
acoustic forces. The flow can also be chosen perpendicular to the transducer sur-
face, from left to right, so that the primary acoustic forces counteract the particle
drag forces. In fact, this approach was applied by Hawkes [34] in the h-shaped
continuous separator, in which particles were kept from entering the upper outlet
by means of acoustic forces. Logically speaking, the latter option, with the flow
perpendicular to the transducer surface, is the better one, which will be verified
here. An option which was simulated, but not shown here, is having the flow at
a non-perpendicular angle with the transducer surface, which would result in a
ultrasound enhanced layered separator.
5.2.2 Flow lane design
In a theoretical resonator (Figure 5.1) with the flow direction perpendicular to the
transducer surface the inlet and outlet coincide with the transducers themselves,
which is physically impossible. This means that the inlet and outlet need to be po-
sitioned at the top or the bottom of the chamber (in our 2D case) and that the flow
direction needs to bend within the resonator. Calculating the flow within such
chamber, using 5 mm wide inlet and outlet, resulted in a flow pattern which is far
from uniform and even introduces an eddy current in the square shaped resonator
(Figure 5.2). This can be solved by either lengthening the chamber between inlet
and outlet, which will make the separator quite long and deteriorate the acoustic
field, or by introducing multiple channels or flow lanes with adequate flow split-
ting. Splitting can be done by making multiple inlets and applying a series of
valves before each inlet, but a better solution would be to make the geometrical
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Figure 5.1: Side view of the model of the resonator chamber with two piezo transducers
on the left and right. The transducers create the acoustic pressure field shown inside the
chamber.
design such that the flow is split automatically, by incorporating partitions inside
the chamber. The effect of various partition positions on the flow was evaluated
by varying the position of individual partitions with a numerical Design of Ex-
periments (DOE) study using a rectangular grid of the factors and calculating the
resulting flow inside each lane.
5.2.3 Optimisation criteria
The ultimate aim is to retain as many particles as possible. This requires optimisa-
tion of the flow field and the acoustic field. Simulating particle displacement with
peak acoustic pressures above, for instance, 1 MPa requires high computational
efforts (near 2 hrs for 3s simulated time with Intel Core i5 3.1 GHz CPU and 3Gb
RAM). Thus, optimising the shape of the resonator with combined acoustic-flow
criteria is much faster than using a particle displacement criterion. Resonance
can be detected by calculating or measuring the impedance or admittance of the
piezoelectric transducer (see [11, 14]). At a given eigenfrequency, the acoustic
pressure increases linearly with increasing voltage, but the admittance remains
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Figure 5.2: An example of a resonator chamber with short-circuiting flow pattern
causing eddy currents
constant. Hence, average particle displacement was compared to the average
(across the cross-sectional area of the chamber) absolute acoustic pressure in the
chamber and to the (absolute) peak acoustic pressure at the eigenfrequency. For
this purpose 25 equally distributed particles were released at the inlet and their
(horizontal) positions at time 0 and after 1 s of simulated time were calculated
and related to the pressure calculated, while stepping the voltage from 0 to 3 V
with 0.5 V steps.
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5.3 Results
Simulations determining particle displacement were performed in Comsol 4.3a
using three sequential studies:
1. Frequency domain analysis incorporating the piezoelectric and acoustic
field simulation. The eigenfrequency of the system was found here;
2. Stationary flow study calculating the flow inside the resonator chamber;
3. Time dependent particle tracing study calculating the particle trajectory
using the calculated flow field of step 2, drag forces, gravity and acoustic
forces at the eigenfrequency determined in step 1.
The frequency domain analysis resulted in a maximum acoustic pressure of 1.2
MPa at 1.955 MHz with an input voltage of 2V for the square shaped resonator.
The average particle displacement, after 1s, of 25 particles released at the inlet
was calculated. Results showed an average particle displacement of 13 mm in
case of flow parallel to the transducer surface and 1.3 mm with the flow perpen-
dicular to the surface. This result verified the idea that a flow direction perpen-
dicular to the transducer surface retains the particles better.
In order to obtain a steady laminar flow inside the resonator, flow splitting was
incorporated using multiple flow lanes. If equal length and perfectly aligned
partitions inside the resonator are used, there will be a preferred flow path (Figure
5.3 left), but positioning the partitions more precisely on the basis of the DOE,
gives the pattern as shown in Figure 5.3 (right). The associated flow shape inside
the channels with aligned and adapted partitions is shown in Figure 5.4.
The dependency of the flow pattern at rates ranging from 1-5 ml/s is shown in
Figure 5.5. Although a fully developed flow is only seen at 1 ml/s, no reverse
flows or eddies occur. This observation indicates that a longer channel will ensure
fully developed, laminar flow.
Combining the acoustic field at 10 V input with the flow patterns in the channels,
while releasing particles at the inlet at time 0, resulted in the particle trajectories
shown in Figure 5.6 (left) after 1s simulated time. The result without ultrasound
is shown in Figure 5.6 (right). Although this is a non-optimised system with low
voltage (10V) and relatively high flow rate (4 ml/s) a clear difference in particle
retention can be observed.
Maximum particle retention incorporates an ideal flow field inside the resonance
chamber and high peak or average pressure throughout the resonator. Optimising
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Figure 5.3: Preferred flow path inside a chamber with multiple, equally sized flow lanes
(left) and inside a chamber applying geometrical flow splitting, resulting in almost
equal flow in each lane (right).
the flow field, assuming an equally distributed acoustic pressure field, means that
each lane should have an equal flow rate. Therefore, a good optimisation criterion
is the minimisation of the sum of differences in flow rate between lanes.
In order to obtain a relevant optimisation criterion for the acoustic field, related
to particle filtering, the calculated average and peak pressure inside the chamber
were related to the average particle displacement, while varying the voltage in
0.5 V steps. Figure 5.7 shows the relationship between particle displacement
and these pressure norms. Note that a peak acoustic pressure above 1 MPa or
an average absolute acoustic pressure above 0.5 MPa corresponds to low particle
displacement. Thus, at constant voltage, the criterion for the optimisation of
the acoustic field is the acoustic pressure: the resonator chamber’s shape should
be such that the pressure is maximised. Because the average absolute acoustic
pressure provides more insight into the entire pressure field, instead of a possibly
localised peak pressure, this criterion will be used for optimisation.
5.4 Conclusions and discussion
The basic design of an acoustic separation unit was investigated in this study, us-
ing a series of numerical simulations based on a design of experiments approach
(DOE). This resulted in choices in the positioning of the piezoelectric transducer
surfaces perpendicular to the flow direction and in chamber partitioning by in-
troducing multiple flow lanes to obtain laminar flow. The average particle dis-
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Figure 5.4: Flow pattern with aligned and adapted partitions inside the chamber at 4
ml/s.
placement was found to be related to acoustic pressure, showing large retention
at pressures above 1 MPa or average absolute pressures above 0.5 MPa (for 10
µm, 1100 kg/m3 particles and a flow speed of 3.5 cm/s), thus providing a com-
prehensible criterion for subsequent optimisation.
Manufacturing the best design found in this study will be difficult to realise, be-
cause it is not possible to reproduce the exact numerical dimensions. Therefore,
the final design needs to be checked (numerically) on its robustness, meaning that
small changes in the design should not affect the performance to a large extent. A
sensitivity study with the most influencing parameters can be used to cover this
last issue before manufacturing.
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Figure 5.5: Flow pattern with adapted partitions and flow rates from 1-5 ml/s
Figure 5.6: Particle trajectories of the combined acoustic field and flow simulations
with ultrasound (left) and without ultrasound (right).
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Figure 5.7: Particle displacement versus acoustic pressure norms in a square resonator
chamber. With peak acoustic pressure above 1 MPa or average acoustic pressure above
0.5 MPa particle displacement clearly decreases.
92 CHAPTER 5. BASIC DESIGN FOR AN INDUSTRIAL SEPARATOR
6. INDUSTRIAL SCALE SEPARATOR DESIGN
Abstract
The aim of the present study is to optimise a basic ultrasonic standing wave sep-
arator design with respect to separation efficiency, throughput and energy con-
sumption. The study involved more than 300 finite element model simulations in
which acoustics, flow characteristics, particle retention and energy demand were
evaluated. The methodology, using a design of experiments approach, showed
that it was possible to improve system performance based on acoustic pressure
profiles, separation efficiency and flow robustness. Compromising the energy
consumption and aiming for maximum separation efficiency with a laminar sta-
ble flow up to 5 ml/s resulted in a separator with inner dimensions of 70 mm
length, 20 mm width and 28.5 mm height using two transducers perpendicular to
the direction of flow and three parallel flow lanes with 9.5 mm height each and
operating at approximately 1.95 MHz.
This chapter was submitted to Separation and Purfication Technology as
H.J. Cappon, K.J. Keesman, Design of industrial acoustic separators
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6.1 Introduction
Acoustic separation technology applies ultrasonic acoustic standing waves (USW)
to retain particulate matter in specific locations within a resonance chamber.
When suspensions are fed into the chamber, the system is able to separate the
solids from the liquid, thus forming a filter [34, 38, 31]. Recent USW research
has focused mainly on miniaturising the separation system for particle detec-
tion, characterisation and manipulation [51, 29]. The only larger-scale (up to 4
l/h), commercial device, aimed at filtering biological material and called BioSep
(Metrohm-Applikon B.V., Schiedam, The Netherlands), has already been around
for over a decade. Widespread usage of large-scale USW separators is limited
by various drawbacks, like high energy demand and heat development, limited
throughput and investment cost. On the other hand, the potential of separating
high value (biological) components without deterioration of quality [26] offers
various potential applications, like harvesting (neutral buoyant) algae [9] and re-
tention of biological flocs in waste water treatment [45]. Instead of building many
prototype separators and testing these in practise, separator improvement aiming
at a higher performance of such systems can also be established by applying nu-
merical models to support the study of the characteristics of acoustic devices and
therefrom proposing changes for improvement.
A basic design study, finding the most important design considerations for sys-
tem improvement, was performed in [12], setting the basis for the current study.
Therefore, the aim of the present study is to optimise this basic design to a USW
separator with high separation (retention) efficiency, high throughput and prefer-
ably low energy consumption. This design study involves finite element (FE)
model simulations of acoustics, flow characteristics, particle retention and en-
ergy demand.
6.2 Materials and methods
6.2.1 Methodology
Particle retention simulations require large amounts of CPU time and since op-
timisation generally requires many simulations, optimising to maximum particle
retention is a very time consuming process. Since the results of the acoustics
and flow simulations are fed into the particle retention simulations, optimisation
with respect to acoustics and flow was assumed to be an appropriate procedure
for maximising particle retention. After the optimisation, the particle retention
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efficiency was evaluated numerically, thus verifying this methodology.
6.2.2 Basic configuration
Our basic design composed of a resonance chamber with two transducers facing
each other on either side of the chamber. The flow inside the chamber is per-
pendicular to the faces of the transducers, which means that the flow needs to be
bent inside the chamber to achieve this. For appropriate particle retention a lam-
inar flow needed to be pursued, which was established by splitting the chamber
into various flow lanes. Equally sized lanes proved to provide an unequal flow
regime and therefore, geometrical changes were introduced to equalise the flow
in each lane (see [12] for the pre-study), resulting in a three-lane system as shown
in Figure 6.1. This basic configuration was evaluated by experiments, showing
promising results.
Figure 6.1: Example of the 2D resonator FE model consisting of two transducers on
either side of the resonator, an inlet (top left) and outlet (bottom right) and three flow
lanes with equalised flow velocity
6.2.3 FE model
The 2D (side view) FE model consisted of three components: the piezoelectric
transducers, glass walls, which also serve as matching layer, and a resonance
chamber with flow dividers making up three flow lanes (see Figure 6.1). Four
in- and outlets were modelled of which only two were used. The full geometry
of the basic configuration model was described by a minimum number of eight
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parameters: separator length, separator depth (20 mm), flow lane height (3 lanes),
flow divider thickness (0.15 mm), in/outlet width (5 mm), matching layer thick-
ness, epoxy glue thickness (40 µm) and transducer thickness (1.035 mm). The
particle properties were set to 10 µm diameter and 1100 kg/m3 density and a bulk
modulus of 4.5 GPa.
The full analysis of the model consists of three steps:
1. Stationary flow analysis with flow rates of 1-5 ml/s. At the inlet the flow
speed is specified, the outlet has zero pressure;
2. Frequency domain analysis of the piezoelectric transducers with a fixed
voltage of 10V AC per transducer and coupled to the filled resonance cham-
ber to find the eigenfrequency of the system. The admittance was calcu-
lated with the transducers parallel connected;
3. Time dependent particle tracing analysis, combining step 1 and 2, to deter-
mine the particle trajectories at the eigenfrequency found.
The first two steps require different FE meshes. The stationary flow analysis
runs easily with a coarse triangular mesh with an element size of 1 mm inside
the resonator chamber. However, the second step (frequency domain analysis)
requires a mesh with the largest element size being a fraction of the wavelength,
near 0.15 mm in that same chamber. In the third step, the result of the second step
is projected onto the mesh of the first and the particle trajectory is then calculated.
Unfortunately, a 1 mm mesh is too coarse for the projection of the results of
the second step. Therefore, the first mesh was refined to a maximum of half a
wavelength element size for proper projection on the second mesh.
The piezoelectric transducers (1.035 mm thick) and the glue layer (40 µm thick)
were divided into 15 and 10 elements along their thickness, respectively. The
matching layers elements were set to a maximum element size near 0.5 mm. The
models acquired in this way for steps 1-3 contained up to 350.000 elements for a
10 cm long separator system.
The acoustic model was set up using two coupled domains: a piezoelectric do-
main for the electro-mechanical vibration and a pressure acoustics domain for
the sound propagation in the fluid. The piezoelectric transducer, the epoxy ad-
hesive layer and the separator were assigned to the piezoelectric domain. Glass
and epoxy adhesive were modelled as an anisotropic, decoupled (non-electric)
material. The coupling between the two domains across the boundary was as
follows:
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• The acoustic pressure of the water was modelled as distributed force (force
per unit length) on the inner glass walls of the separator, thus having con-
tinuity in pressure;
• The mechanical acceleration of the glass walls was similar to the acoustic
acceleration of the water inside the separator, thus having continuity in
acceleration;
Simulations were run with Comsol 4.3a on an Intel Core i5 3.1GHz CPU with
3Gb RAM (and 1Gb assigned swap space). Flow analysis simulations lasted less
than a minute, while particle trajectory simulations took up to 12 hours for 5
seconds of simulated time. These 5 seconds were sufficient to obtain a stable
particle displacement (see section 6.3 for details).
6.2.4 Design criteria and variables
The basic design still involved many parameters that could be used to improve
the efficiency. Earlier studies showed the influence of resonance chamber size,
matching layer thickness and even glue layer thickness [36, 14]. The size of the
chamber and the thickness of the matching layer (between transducer and water)
can be varied rather easily before manufacturing, whereas a fixed thickness of
the glue layer is more difficult to realise in reality. Thus, decision variables for
system optimisation are the resonator chamber size (i.e. length of the flow path
and lane height) and matching layer thickness. Table 6.1 provides the ranges for
each of the decision variables.
The eigenfrequency of the entire system is mainly influenced by the eigenfre-
quency of the transducer and the thickness of various layers in the system (epoxy
glue, glass and water). An adequate transducer model was obtained earlier [11].
The transducers used for prototyping were off-the-shelf Noliac NCE41 1 mm
thick transducers, which are different from the modelled SPC140 transducers
used in [11]. The new design was tuned with respect to the NCE41 transduc-
ers. The eigenfrequency of the NCE41 transducers was measured to be near 1.95
MHz and thus the thickness of the transducer model was chosen such that its
eigenfrequency corresponded to the measured eigenfrequency (thickness 1.035
mm).
The acoustic responses of the resonator were evaluated using frequency sweeps
between 1.82 and 1.97 MHz with 5 kHz steps to find the eigenfrequencies of
the system. The voltage on the transducers was 10 V. In order to study the en-
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tire resonance field, the absolute acoustic pressure, averaged over the entire (2D
modelled) chamber was taken as a resonance criterion function and is given by:
¯|p| =
∑
(|(Re(pi)|Ai)∑
Ai
(6.1)
with pi the pressure in [Pa] and Ai the area of each element i in the FE model of
the resonance chamber in [m2].
However, high (local) peaks in the acoustic pressure field may cause high average
values, which does not necessarily mean that the separation is optimal. In our
previous study we found that maximum absolute acoustic pressures above 1 MPa
and averaged absolute pressures above 0.5 MPa adequately trapped particles of 10
µm and 1100 kg/m3 at a flow speed of 20 mm/s. Hence, in addition to function
6.1 and as an alternative criterion function, the 2D area with absolute pressure
above 1 MPa was calculated as a fraction of the total 2D chamber area and is
given by:
AR =
∑
Ai(|p|>1MPa)∑
Ai
(6.2)
Secondly, not only the pressure is of importance, but also the power, which is
linearly related to the admittance at constant voltage:
P = V 2Re(Y ) (6.3)
with P power in [W], V voltage in [V] and Y admittance in [S].
The criterion functions to evaluate the flow are the maximum flow speed Umax
and the relative difference of flow speed Ur in each lane, where Ur is defined as:
Ur =
∑
[i,j]
|Uimax − Ujmax|hlane
href
(6.4)
with Umax the maximum flow speed in a lane, hlane the height of the flow lane
and href a reference height of 5 mm, with [i, j] ∈ {[1, 2]; [1, 3]; [2, 3]}. The
multiplication by hlanehref was used to compensate for different flow lane heights.
Consequently, the aim for the acoustic simulations is to find a high pressure area
ratio AR and a low (real) admittance Re(Y ) for fixed voltage, whereas the aim
for the flow simulations is to obtain a low maximum flow velocity Umax and a
low flow velocity difference Ur.
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6.2.5 Simulation strategy
Simulations were run with Comsol 4.3a coupled with Matlab R2012b. Comsol
provides the FE modelling environment and Matlab an easy environment for pre-
and post-processing of the numerical data. Two sets of simulations were run us-
ing a Design of Experiments (DOE) approach in order to determine a good start-
ing point for subsequent design improvement. The first set was a full-factorial
DOE with two factors: the resonator chamber length and matching layer thick-
ness (rectangular grid, 7×10 simulations, second column in Table 6.1). This set
provided too little insight into the entire design space (Section 6.3). Therefore,
a second larger series was launched, being a (multiple) randomly sampled Latin
Hypercube DOE with three factors: chamber length, matching layer thickness
and flow lane height. This series resulted in 180 simulations randomly cover-
ing the entire design space (column 3, Table 6.1), adding up to a total of 250
simulations.
Table 6.1: Ranges of factors (LH = Latin Hypercube; FF = Full Factorial; Ac. =
Acoustic domain; Fl. = flow domain)
Factor Range Units
Ac. FF LH Ac. + Fl. Fl. FF Combined LH
Separator length 35-65 30-100 30-100 70-75 / 80-85 [mm]
Matching layer thickness 2.75-5.0 2.5-4.5 - 2.9-3.1 / 4.15-4.25 [mm]
Flow lane height - 5-10 5-10 8.5-9.5 [mm]
Number of simulations 70 180 48 12 -
Within the factor ranges of Table 6.1 the flow patterns were also evaluated using
a constant flow of 3 ml/s. First, a full factorial DOE with two factors, separator
length and lane height (8×6 grid) was conducted (column 4). Subsequently, also
the 180 simulations of the previous DOE were evaluated with respect to flow
(column 3).
The best starting points at various resonance chamber sizes were taken from the
DOE’s and fed into a new, more narrow DOE of 12 simulations (Latin Hypercube,
last column in Table 6.1). Initially, a formal optimisation procedure (minimum
search algorithm) was implemented. However, the response surfaces appeared
to be extremely irregular, so that this algorithm (and others) ended up in local
minima and provided no improvement.
The acoustic simulations together with the flow simulations determined the main
dimensions of the separator to be made, which needed to be small, robust and ef-
ficient. Robustness of the model was checked by introducing small variations to
the parameters of the model and evaluating the influence on the selected criterion
functions. Changes were made to the separator length (0.5 mm), matching layer
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thickness (0.05 mm) and flow lane height (0.1 mm). Finally, particle retention
was evaluated with particle tracing simulations through comparison of the max-
imum and average travelled distance of 25 particles, released at the inlet going
with the flow, with and without ultrasound.
6.3 Results
The variables related to resonator size, i.e. separator length, flow lane height and
matching layer thickness, were changed within the limits provided in Table 6.1.
This resulted in 262 simulations in all for the acoustics, and 240 simulations for
the flow conditions.
6.3.1 Acoustics
Figures 6.2, 6.3 and 6.4 show the relation between the averaged absolute pressure
¯|p| and separator length, matching layer thickness and flow lane height, respec-
tively. Figure 6.2 shows that the pressure tends to decrease with increasing sep-
arator length. This effect, although rather small, is mainly caused by attenuation
of the water (α = 0.87dB/m @ 20°C) inside the separator, indicating that short
separators have a preference, from an acoustic point of view. Figure 6.3 shows
that the matching layer thickness is of large influence on the pressure obtained. If
the matching layer thickness is near 2n+ 12 wavelengths, then resonance occurs.
In this case the eigenfrequency is not always 1.95 MHz, so that resonance is not
always detected at exactly the same thickness (see Figure 6.3). Nevertheless, a
matching layer thickness of 3.0 or 4.25 mm seems quite appropriate. Accord-
ing to Figure 6.4 the height of each flow lane does not really seem to matter to
the acoustic properties of the system, which gives way to decoupled optimisation
with respect to flow.
Good separation is expected, when a large area of the separator has high acoustic
pressure. Figure 6.5 shows the area ratio AR versus the real admittance, which is
a measure for the power P at a fixed voltage. The best separation is obtained with
a very high AR whereas low energy consumption is obtained at low admittance.
The two encircled points with a high average absolute pressure, over 1.5 MPa
and AR larger than 0.5, both resulted from small separators, only 35 mm long.
The chance of obtaining a laminar flow pattern inside these separators is small. A
separator (indicated by a square box in Figure 6.5) with 1.15 MPa average abso-
lute pressure and an AR of 0.49, which should be sufficient for particle trapping,
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Figure 6.2: Relation between the averaged absolute pressure and separator length
had a length of 89 mm. It is expected that this separator will also show good flow
characteristics.
Considering energy efficiency, a high area ratio with low admittance is the best
solution. Dividing the ratio AR by the real admittance Re(Y ) and plotting the
result versus the average absolute acoustic pressure leads to Figure 6.6. The
highest (encircled) point in this scatter plot was obtained with a 56 mm long
separator, which had adequate flow characteristics, but a high maximum flow
velocity of 15 mm/s at 3 ml/s flow rate. Note that this system has an average
absolute pressure of 0.6 MPa, which means it should be able to trap the particles
easily [12].
6.3.2 Flow characteristics
Now that the acoustic properties of the system are analysed, the next step is to
evaluate the flow characteristics. A total of 228 simulations in two DOE series
(columns 3 and 4, Table 6.1) were performed at flow rates of 3 ml/s. The eval-
uation was based on the maximum flow velocity Umax inside the separator flow
lanes and the velocity difference criterion Ur. Figures 6.7, 6.8 and 6.9 show the
dependency of these performance indicators on separator length and flow lane
height. Figure 6.7 shows that the lower bound on Umax generally decreases with
increasing separator length. At separator lengths above 70 mm there is almost no
further decrease, indicated by the lower dashed lines, which means that the flow
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Figure 6.3: Relation between the averaged absolute pressure and matching layer
thickness
inside the separator was fully developed. With smaller flow lane height, the flow
development was quicker, which means that a shorter separator length with fully
developed flow, down to 40 mm length, is then possible (see the dashed upper
bound on Umax). However, if the flow rate increases the length needed for fully
developed flow will also increase. Moreover, large flow lane heights mean lower
flow velocities and thus easier particle trapping.
Figure 6.8 shows that the maximum flow velocityUmax decreases with increasing
flow lane height, which was a result of increasing separator cross-sectional area
for a fixed flow rate. Also, high values of Umax were found at high flow lane
heights due to short separators with undeveloped flow showing high local flow
peaks.
The 3D surface in Figure 6.9 shows the dependency of (relative) flow lane dif-
ferences Ur on separator length and lane height, based on a full factorial DOE of
48 simulations. This figure shows a minimum at approximately 70 mm separator
length and 9 mm flow lane height. Generally speaking, the total separator length
needs to be larger than 60 mm and the flow lanes larger than 9 mm in order to
have adequate laminar flow, even at higher flow rates up to 5 ml/s.
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Figure 6.4: Relation between the averaged absolute pressure and flow lane height (180
simulations)
6.4 Compromised design
The best results of all simulations are summarised in Table 6.2, showing the cor-
responding best performing criterion in bold. The best acoustic results - apart
from the very short (35 mm) separators - were obtained with a separator length
of 56 mm (low energy) and 89 mm (high pressure) with a corresponding flow
lane height of 5.0 and 6.4 mm, respectively. The flow velocity in these chambers
was still relatively high, 15 and 11 mm/s, whereas the overall minimum went
down to 7 mm/s. The flow characteristics, however, are best at larger flow lane
heights around 9 mm and larger separator lengths above 60 mm. Because the flow
is independent of the matching layer thickness, the matching layer thickness is
chosen to best fit the acoustics related criteria. A good matching layer thickness
is around 3 or around 4.25 mm (see Figure 6.3), contributing to high pressure.
Narrowing down the DOE to a separator length of 70-75 mm or 80-85 mm, the
matching layer thickness to 2.9-3.1 or 4.15-4.25 mm and the flow lane height
to 8.5-9.5 mm (last column Table 6.1), a separator with good acoustic and flow
characteristics was found with a length of 70 mm, matching layer thickness of 4.2
mm and a lane height of 9.5 mm (resonator chamber dimensions: 70×20×28.5
mm). The average pressure reached was 1.24 MPa at 1.95 MHz and the area
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Figure 6.5: Area ratio with pressure above 1 MPa versus real admittance Y
ratio AR was 0.56, but the admittance Re(Y ) was 5.71 S 1, meaning that this
separator has very good characteristics, but is not energy efficient, which limits
its application to recovery of high value particles.
Table 6.2: Optimal separator designs based on different criteria, shown in bold
Separator Matching Lane feig ¯|p| Re(Y ) AR Umax Ur
length [mm] layer [mm] height [mm] [MHz] [MPa] [S] [-] [mm/s] [mm/s]
35 4.25 8.0 1.945 1.51 8.6 0.63 12 3.6
35 2.75 8.0 1.920 1.54 2.2 0.62 12 3.6
62 3.275 9.2 1.925 0.47 0.22 0.09 8 0.5
87 4.375 10.0 1.880 0.73 0.92 0.31 7 0.7
89 4.2 6.4 1.960 1.15 2.92 0.49 11 4.7
56 4.125 5.0 1.965 0.60 0.18 0.20 15 5.8 2
51 4.4 10.0 1.895 0.96 2.30 0.42 9 4.4 3
Final design
70 4.2 9.5 1.950 1.24 5.71 0.56 8 0.9
Robustness of this optimal design was checked by introducing small changes to
the nominal factor values and evaluating the changes in the selected criteria. The
three factors were varied in three steps each, including combined variations, thus
resulting in 27 variations. As small eigenfrequency shifts were expected, the fre-
quency sweeps were narrowed down to 1.92-1.97 MHz with 1.0 kHz steps. Table
1Such admittance will result in unrealistically high currents in practise; see Discussion.
2Configuration with a high area to admittance ratio.
3Configuration with a high average pressure in one x-position, see Discussion, section 6.5.
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Figure 6.6: Area ratio divided by Re(Y ) versus average absolute pressure
6.3 shows the influence of individual changes of the factors and the maximum ef-
fect of combined changes to the selected criteria. Appendix A shows the results
of all 27 variations and indicates that the effect of these variations may be quite
large, up to 147% (the maximum Re(Y ) found is 14.08 S). Overall, the average
pressure and area ratio remained high, with a calculated minimum of 1.04 MPa
and 0.42, respectively, for a separator with 70.0 mm length, 4.15 mm matching
layer thickness and 9.4 mm flow lane height. The changes in separator length and
matching layer thickness mainly affect Re(Y ) and thus the energy requirement
of the system. The flow characteristics hardly change, although Ur is sensitive to
small changes in terms of percentage.
6.4.1 Particle tracing
For the new nominal design, with a separator length of 70 mm, matching layer
thickness of 4.2 mm and a lane height of 9.5 mm and operated at 1.95 MHz, a
particle tracing simulation was performed. The flow patterns inside this separa-
tor are shown in Figure 6.10 at various flow rates, from 1-5 ml/s. Umax is 20
mm/s at 5 ml/s, which means that particles should be retained when the average
absolute pressure is above 0.5 MPa [12]. The maximum and average horizontal
distances travelled by the 25 particles with and without ultrasound were taken as
an evaluation criterion. The particle retention in this separator at 5 ml/s is 100%,
already established after two of the five seconds simulation time. Table 6.4 shows
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Figure 6.7: Maximum flow velocity versus separator length
the particle displacements with and without ultrasound, indicating that the new
design is able to trap all particles.
6.5 Discussion
This study provides a detailed numerical procedure to develop an ultrasonic sep-
arator based on a selected basic design using predefined criteria like acoustic
pressure, flow velocity and energy consumption with a preset input voltage of
10 V. The best performing system chosen in this study is based on maximum
separation efficiency, compromising on energy consumption. Lowering energy
consumption by reducing the input voltage will compromise on particle retention
efficiency. The best design (Table 6.2) was chosen to retain suspended particles
(near neutral buoyant, 10 µm diameter, 1100 kg/m3). This is not necessarily
the optimal design because of the discrete optimisation procedure based on the
DOE schemes in Table 6.1. Other separation targets, like ultrasound enhanced
sedimentation, may result in different optimal designs.
The model used for the current design process was based on earlier validated
models of the transducer and ultrasonic separator. Validation of the best perform-
ing design found here should still be performed by actually building and testing
the separator. In fact, the construction should be done with similar transducers
and materials for the model to be valid. It is likely that the transducer charac-
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Figure 6.8: Maximum flow velocity versus separator lane height
teristics are not exactly similar and the material and geometrical properties will
deviate from the properties provided, resulting in a sub-optimal separator. The
only way to really validate the model in such case is to build the separator, char-
acterise it and implement the findings in the model, thus detailing the model in an
iterative manner. Without this iteration the efficiency of the built separator will
not be as good as the current best design found in this study, although we assume
that the insights provided here will help improving existing systems. Since the
ultimate aim was not on model building and validation, but on presenting an effi-
cient separator design procedure, such iteration is beyond the scope of the paper.
The results show large variations in calculated admittance. High admittance will
induce extreme and practically unrealistic electrical currents, requiring operation
at a lower voltage. This issue can be partly solved by connecting the transducers
in series, decreasing the admittance to a quarter of the values given. Secondly,
actual manufacturing is likely to introduce additional inaccuracies, lowering the
admittance even further. Finally, appendix B shows that the most energy effi-
cient operation will not occur at the main eigenfrequency, where high pressure
and high admittance are found, but at a frequency with lower admittance and yet
adequate average absolute pressure for particle trapping. For the new nominal de-
sign this implies a frequency shift from 1.95 MHz to approximately 1.935 MHz,
where Re(Y ) drops from 5.71 to 0.18 S and the power from 571 (at 10 V) to 28
W (at 12.7 V). Figure 6.11 shows the frequency dependency of power at 10 V
input, minimum power (required for 0.5 MPa average absolute pressure) and the
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Figure 6.9: Flow lane criterion versus separator length and flow lane height based on a
full factorial DOE of 48 simulations
average absolute pressure for the nominal design at 10 V input.
Average absolute acoustic pressures above 0.5 MPa are able to retain the small-
sized particles of 10 µm used here. Such pressure fields have high local pressure
peaks above 1 MPa. In practise, peak pressures above 1 MPa may induce other
(non-linear) effects in the fluid, like acoustic streaming or even cavitation [28],
which were not taken into account in these simulations. Real world experiments
will indicate whether these phenomena will occur.
The criteria chosen for separator performance determine the solution (see Table
6.2). If average pressure, real admittance, area ratio or flow characteristics are
used as individual evaluation criteria, large differences between the ’best sys-
tems’ will be found. In fact, the ultimate aim of a separator is to trap each parti-
cle between inlet and outlet. Hence, if each particle encounters a single boundary
with high pressure along its trajectory, the particle will not be able to travel be-
yond this boundary (if the flow speed is not too high). This pressure boundary
then serves as a wall. Consequently, searching along the length of a separator for
one or several boundaries perpendicular to the flow with uniform high pressure
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Table 6.3: Sensitivity of responses to changes in the factors, changing one factor at a
time. The last row shows the maximum deviation found, while changing all factors
simultaneously.
Factor value ¯|p| Re(Y ) AR Umax Ur
[MPa] [S] [-] [mm/s] [mm/s]
Design basis [mm] 1.24 5.71 0.56 8 1.0
Separator length
basis = 70 mm 69.5 1.49 (+20%) 11.10 (94%) 0.59 (6%) 8 (1%) 1.0 (20%)
70.5 1.08 (-13%) 14.08 (147%) 0.48 (-14%) 8 (0%) 0.9 (3%)
Matching layer
thickness 4.15 1.24 (0%) 7.78 (36%) 0.52 (-7%) 8 (0%) 0.9 (3%)
basis = 4.2 mm 4.25 1.09 (-12%) 10.48 (84%) 0.50 (-10%) 8 (0%) 1.0 (15%)
Lane height
basis = 9.5 mm 9.4 1.41 (13%) 2.90 (-49%) 0.57 (2%) 8 (1%) 1.0 (22%)
9.6 1.24 (0%) 5.12 (-10%) 0.53 (-6%) 8 (0%) 1.1 (24%)
Simultaneous changes - [-16,20]% [-63,147]% [-14,7]% [-1,1]% [-6,34]%
Table 6.4: Particle displacement results at various flow rates in the final design. A
maximum displacement of 66 mm and average displacement of 63 mm indicates that no
particles are trapped.
Flow Maximum Average
(ml/s) displacement [mm] displacement [mm]
3 (no sound) 53 43
3 (sound) 0 0
4 (no sound) 66 63
4 (sound) 44 11
5 (no sound) 66 63
5 (sound) 20 3
should also provide us with an adequate solution. Although theoretically correct,
such criterion was not found to be robust, as small changes to the dimensions
resulted in large changes to local pressure minima, which in turn deemed the sep-
arator unsatisfactory. Furthermore, changes in local minima do not necessarily
mean that particles will not be trapped. In that sense such a logical, though local
criterion, is not adequate for our evaluation of the designs.
The separator designed by the procedure presented in this study are highly sen-
sitive to small changes (see Table 6.3), which will definitely occur during manu-
facturing. This means that the efficiency found numerically will, in general, not
be reached in reality. The results from Table 6.2 compared to those in Table 6.3
indicate that even the worst ’best separator’ performs better than the separators
found in the initial sets of DOE’s. Further numerical optimisation, however, is
not useful, as it will easily end up in a local minimum and will only tighten the
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Figure 6.10: Flow velocity profile inside each lane at flow rates of 1-5 ml/s (left: lower
lane, right: upper lane
specifications of the dimensions even further, most likely beyond sensible accu-
racy.
6.6 Conclusions
A methodology for separator design was presented, based on a pre-selected ba-
sic configuration with the transducers perpendicular to the direction of the flow
and the flow divided into three parallel lanes. It was shown that it is possible to
improve system performance based on a set of relevant criteria, like energy con-
sumption, separation efficiency and flow robustness. Compromising the energy
consumption and aiming for maximum particle retention with a laminar stable
flow up to 5 ml/s (i.e. >400 l/day) provided a separator with chamber dimen-
sions of 70 mm length, 20 mm width and 28.5 mm height (i.e. a volume of
approximately 0.04 l) and to be operated at 1.935 MHz. The full factorial based
sensitivity study, with variations up to 10% , showed that high pressure levels and
associated particle retention could be maintained, proving the robustness of the
design procedure.
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Figure 6.11: Frequency dependency of the minimum power required to obtain 0.5 MPa
average pressure and the power at 10 V input (on the left y-axis) and average absolute
pressure (on the right y-axis) for the new nominal design.
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7. INDUSTRIAL SCALE SEPARATOR
EVALUATION
Abstract
This study presents the evaluation of a new ultrasonic particle filter, which was
designed in a combined numerical-experimental approach. The particle filter is a
three channel glass device of 70×28×20 mm with four in/outlet ports. It was op-
erated in sequenced batch mode - 150 s of filtering followed by a 20 s backwash
with filtrate, which removed the collected particles from the separator as concen-
trate. The separation efficiency was evaluated at three flow rates ranging from
1 to 3 ml/s, using a stock suspension of insoluble potato starch of 1 g/l (1000
ppm). Concentrations of stock, filtrate and concentrate were measured using a
turbidity meter and significant effects of particle concentration were measured at
both outlets of the process. The maximum filtration efficiency and concentration
efficiency were 54% and 76%, respectively. The performance found was lower
than obtained in the model based design study. The deviation in performance is
mainly a result of (i) the pulsation of the feed pumps, (ii) differences between the
model and the actual prototype, (iii) the limited power supply used and (iv) (too)
small particles occurring in the starch suspension.
This chapter was submitted to Separation and Purfication Technology as
H.J. Cappon, K.J. Keesman, Experimental evaluation of a model-based design of an acoustic sep-
arator
113
114 CHAPTER 7. INDUSTRIAL SCALE SEPARATOR EVALUATION
7.1 Introduction
The increasing need for water and material reuse drives the innovation of tech-
nology. One of the new technologies being investigated for water purification
and recycling or constituent recovery is ultrasonic particle separation, which is
the subject of the current study. In this technique, mainly known from cell and
particle harvesting in biotechnology [20, 31, 9, 55] and standing wave particle
manipulators [29, 18, 25], high frequency ultrasound (MHz range) is used to
concentrate suspended particles in water. This technique is especially interesting
for harvesting or removal of particles or cells with an almost neutral buoyancy
with respect to the surrounding liquid [30].
The aim of this study is to experimentally evaluate a model-based ultrasonic par-
ticle separator design with respect to particle retention and flow characteristics.
The design of the separator was presented in [13] and was geometrically opti-
mised to laminar flow and maximum particle retention at minimal energy con-
sumption. This separator is meant to operate at a frequency of 1.95 MHz and at
flow rates up to 5 ml/s (18 l/hr) with a separation efficiency near 100%. Although
numerical evaluations pointed out that it should adequately trap near neutral par-
ticles, with a diameter of 10 µm (and larger) and a density of 1100 kg/m3, experi-
mental evaluations are needed to evaluate the actual performance. Given the tight
specifications for manufacturing these separators and the sensitivity to various
factors, like temperature, particle size and driving voltage, a lower efficiency is
expected from a real-world system. This study quantifies the prototype separator
efficiency from experimental data.
7.2 Materials and Methods
7.2.1 Experimental setup configuration
The prototype separator designed in [12, 13] has a resonance chamber of 70 mm
length, 28.5 mm height and 20 mm width. It was constructed using borosilicate
glass (4.2 mm thick) and two neighbouring NCE41 transducer strips (40×10×1
mm) at both ends (Figure 7.1). Each of the two sets of transducers were connected
in series in order to have higher resistance (higher voltage, but lower current). In
the resonator chamber two flow dividers were implemented, which divide the
flow (almost) equally between the three flow lanes. The inlets and outlets were
3D printed from ABS and the flow dividers were made of PVC sheets (0.15 mm
thick). These ABS and PVC parts were glued to the borosilicate body with epoxy
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Figure 7.1: Prototype separator for experimental evaluation
adhesive. The total volume of the separator was measured to be 49 ml.
The entire experimental setup is shown in Figure 7.2. The separator has four
outlet/inlet ports, numbered 1 to 4. Port 1 (inlet) and port 4 (outlet) were used
for the normal filtering operation. A suspension of 1.0 g/l (1000 ppm) starch was
prepared and continuously stirred in a 1 l beaker. This suspension is fed into the
chamber through port 1 by a digital Masterflex LS pump (ColeParmer Inc.). The
filtrate was collected from port 4 in a sample beaker and particles were retained
in the resonance chamber during filtering. During the backwash, port 4 was used
as inlet and port 2 as outlet, thus using the filtrated fluid to rinse the concentrated
fluid from the resonance chamber into a separate sample beaker. The backwash
pump (digital Masterflex LS) was connected to port 2, drawing the suspension
from the chamber.
The flow rate of this setup was calibrated before the experiment took place. From
previous experiments it was already known that the flow is not fully stable. The
three rolls in the LS pump head cause periodic fluctuations in the flow pattern
and high associated fluid accelerations, which become increasingly disturbing
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Figure 7.2: The experimental setup used to test the separator (center) with ports
numbered 1-4. The bottom power amplifier was used in this evaluation.
at increasing flow rates. Therefore, a piece of hose was connected to port 3,
suspended vertically and filled with some (5 cm) feed suspension. It was plugged
at the end in order to act as an air-fluid damper, reducing the fluctuations partly.
All four transducers were connected in series and fed by a Biosep ADI1015 fre-
quency amplifier (Applikon B.V., Schiedam, the Netherlands). The separator
was operated at a power output of approximately 10 W, which was the maximum
possible, given this setup. This power level is far below the power needed for
proper separation, which was numerically estimated to be near 30 W 1. Before
starting the experiments the operating eigenfrequency of the filled separator was
determined with a SinePhase Z-Check 16777k impedance analyser (SinePhase
Instruments GmBh, Hinterbrühl, Austria).
7.2.2 Concentration calibration
From previous experiments [15] it was known that the concentration of starch is
linearly related to the turbidity of the suspension. Therefore, turbidity was used as
a measure for the concentration. Turbidity was measured using a portable Martini
Instruments MI415 turbidity meter. Before starting the experiments four 10 ml
samples were taken from the stock solution and the turbidity was measured trice
1The amplifier is able to deliver a maximum voltage of approximately 12.5 Vrms and a maxi-
mum current of 1.5 A, so that the maximum power output of the amplifier is near 20 W. Due to the
low admittance, the maximum current could not be reached.
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for each sample in order to determine the accuracy of the turbidity measurement.
Then, a second sample was diluted by adding 40 ml of demineralised water, fol-
lowed by sampling and measuring another 4 samples trice. This procedure was
repeated twice in order to obtain a concentration-turbidity curve. Also, a blank of
demineralised water was measured trice to confirm that the curve passes through
the origin.
7.2.3 Batch mode operation
The separator was operated in sequenced batch mode, meaning that suspension
was fed through the separator for 150 s while the ultrasound was switched on.
Then, the ultrasound and the feed pump were paused for 30 s. After 5 s of the
pause, the chamber was backwashed with filtrate during 20 s at a flow rate of 2.5
ml/s, so that the entire chamber (49 ml) was drained. During the remaining 5 s
of the pause the filtrate and concentrate beakers were replaced by empty ones.
Three flow rates were applied ranging from 1.0-3.0 ml/s in 1.0 ml/s steps.
7.2.4 Sampling and efficiency
At the end of a complete filter run with three batches, there were three samples
of filtrate and three samples of 50 ml concentrate 2. The turbidity of each sample
was measured trice, resulting in nine measurements for each stream. Efficiency
of filtration f and concentration c was calculated as the ratio of the difference
between the concentrations of filtrate (port 4) / concentrate (port 2) and the stock
solution (port 1), respectively, with respect to the stock solution, and given by
f =
[S]− [F ]
[S]
(7.1)
c =
[C]− [S]
[S]
(7.2)
with [S] the concentration of the stock suspension, [F ] the concentration of the
filtrate and [C] the concentration of the concentrate.
2The first sample is smaller, because some concentrate is used to fill up the outlet hose first.
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Table 7.1: Test matrix of the experimental runs performed and the amount of samples
taken per input/output port. The turbidity of each sample taken was measured trice,
resulting in nine measurements per port per experimental run.
Run Flow rate Type no. of samples
no. [ml/s] Stock Filtrate Concentrate
1 1 Blank 3 3 3
2 Run US 1 3 3 3
3 Run US 2 3 3 3
4 2 Blank 3 3 3
5 Run US 1 3 3 3
6 Run US 2 3 3 3
7 3 Blank 3 3 3
8 Run US 1 3 3 3
9 Run US 2 3 3 3
Preceding to the runs with ultrasound, a blank run was performed for each of the
flow rates (see test matrix in Table 7.1). The blank is used to determine whether
separation also takes place without the use of ultrasound, simply because the
separator is positioned upright and some gravitational settling of the starch may
take place. After the blank, two filter runs with ultrasound were performed on
each of the flow rates.
7.3 Results
With the impedance analyser the eigenfrequencies of both transducer sets on
either side of the filled chamber and the transducer sets in series were deter-
mined (Figure 7.3). The maximum admittance of the transducers in series was
64 mS at an eigenfrequency of 1942 kHz, which implies that the maximum
power Prms applied can be 10 W (of which 8.8 W is real power) at 12.5 Vrms
(Prms = V 2rmsY = (12.5)
2 ∗ 64 ∗ 10−3 = 10 W). In the separation experiments,
the separator was operated at this eigenfrequency, although it is known that, from
an energy consumption point of view, this most likely is not the optimal frequency
[13].
Concentration and turbidity are linearly related (R2 = 0.99), so that turbidity and
concentration are interchangeable when calculating the efficiency. The results of
the various runs are shown in figures 7.4 to 7.6 using a 95% confidence interval
for each bar. The results of all runs are given in appendix C. The associated
119
Figure 7.3: Magnitude of the measured admittance versus frequency for each individual
transducer set at each end of the separator as well as both sets connected in series.
Table 7.2: Concentration and filtration efficiency in % as compared to the stock solution
with the associated significance (Student T-test using a 95% confidence interval). Only
the numbers in italics show non-significant differences.
Flow rate: 1 ml/s 2 ml/s 3 ml/s
Efficiency [%]: c f c f c f
Blank -15 (0.000) 7 (0.004) 14 (0.003) -7 (0.041) -1 (0.556) -1 (0.797)
Run 1 44 (0.000) 52 (0.000) 67 (0.000) 15 (0.001) 16 (0.002) 7 (0.039)
Run 2 57 (0.000) 54 (0.000) 76 (0.000) 21 (0.000) 3 (0.469) 20 (0.000)
filtration or concentration efficiency and the significance level of a Student T-
test on each pair of bars is shown in Table 7.2. In all cases, there is significant
concentration/filtration performed by the ultrasound with a maximum of 54% on
filtration and 76% on concentration.
7.4 Discussion
The evaluation shows that the use of ultrasound in the model-based separator
design contributes significantly to the separation of starch particles and water.
Starch is a rather sticky substance, which is difficult to separate using conven-
tional techniques and the obtained separation efficiency up to 76% is consid-
erable. Nevertheless, some mismatches between theory and practise remained,
many of which can be solved simply by using more dedicated equipment.
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Figure 7.4: Turbidity of stock, concentrate and filtrate for one blank and two ultrasound
experiments at a flow rate of 1 ml/s. The error bars indicate the 95% confidence
interval.
Figure 7.5: Turbidity of stock, concentrate and filtrate for one blank and two ultrasound
experiments at a flow rate of 2 ml/s. The error bars indicate the 95% confidence
interval.
Firstly, and the main reason for the mismatch, was the pulsation of the peristaltic
feed pump. Although outlet 3 was used as a water-air damper, it did not remove
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Figure 7.6: Turbidity of stock, concentrate and filtrate for one blank and two ultrasound
experiments at a flow rate of 3 ml/s. The error bars indicate the 95% confidence
interval.
the pulsation entirely. The high accelerations associated with this cyclic pumping
behaviour showed to push trapped and agglomerated particles from their trapped
position. This effect increased with higher flow rates, so that flow rates above 3
ml/s were not considered. Therefore, a stable, laminar flow is essential for highly
efficient operation of ultrasonic particle filters.
Secondly, the lack of efficiency can be partly attributed to the limited power fed
into the separator, which was far below the minimum power needed (8.8 W in-
stead of 24-36 W [13]). Neither the voltage nor the current could be increased,
because of the voltage and/or current limitation on the amplifier (12.5 V and 1.5
A). Adding a second amplifier was tried, but did not work properly, because of
bad frequency synchronisation between the two. Moreover, the lower efficiency
is also related to a low admittance. The simulations presented in the design study
[13] showed a minimum admittance of 2080 mS at the main eigenfrequency,
with the transducers connected in parallel, as compared to 303 mS seen here in
practise (a serial configuration of 64 mS was used here to obtain the maximum
power possible). The 2D model did not have two transducers in series on each
side as does the physical separator. Theoretically, a prototype separator with a
transducer of one piece (and not two halves) would have an admittance of 1212
mS (4×303), which is 60% of the simulated value. This is partly related to the
transducer model. The (dedicated, expensive) SPC-140 transducer [11] used in
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the model-based design study, was different from the (mass produced) Noliac
NCE-41 transducer applied here, although the eigenfrequencies matched. The
difference in admittance (0.55 versus 0.47 mS/mm2) already accounts for 15%
of the discrepancy. Moreover, the simulation model in the design study did not
account for additional mass and damping on the transducers due to soldering and
the extra epoxy added between the transducers and the ports.
Finally, the starch suspension used was found to contain many small particles, as
well. Figure 7.7 shows the distribution of potato starch particles in the suspension
used (measured with a Mastersizer 2000, Malvern Instruments Ltd., Worcester-
shire UK). The figure indicates that many particles, about 12%, have a size below
the limit of 10µm, accounting for about 10-30 % of the turbidity of the stock so-
lution (30-115 NTU). Moreover, a quick microscope scan indicated that particles
with a size over 30µm mainly occurred in the concentrate and not in the filtrate.
In order to filter particles smaller than 10µm, either the flow should be decreased
or the power increased. However, if this particle size is consistently present in
the water to be treated, it is more beneficial to redesign the separator for higher
frequencies, since small particles are more easily caught at higher frequencies.
Figure 7.7: Particle size distribution of the potato starch used in the experiments.
Additional simulations with the separator model as given in [13] with particle
sizes of 1, 2, 5, 10, 20 and 40µm, a flow rate of 1 ml/s and a voltage per single
transducer of 3.5 V, shows that only particles above 10µm are adequately trapped.
Table 7.3 shows the average particle displacement of 25 particles released at the
inlet after 15 s of simulated time, with and without the application of ultrasound
123
Table 7.3: Simulated average displacement in mm of 25 particles released at the inlet
after 15 s of simulated time as a function of particle size, without and with ultrasound
applied.
Particle size [µm] without US with US
1 34 34
2 34 34
5 34 25
10 34 3
20 34 0
40 33 0
in the model. This result indicates that particles below 10µm were hardly trapped
by the ultrasound, supporting the finding that small particles cannot be trapped
at the low voltage used, since 10µm is the absolute minimum particle size in the
most ideal (simulated) circumstances.
In the sequenced batch mode used in this study, the separation efficiency will also
be dependent on the duration of the filter runs and the duration of the backwash.
The longer the filter run, the more saturated the separator chamber becomes. The
backwash was chosen to be an entire volume of 50 ml, although turbidity mea-
surements show that the first part of the backwash contains most of the particu-
late. The current filter duration of 150 s was chosen on the basis of some trials
during which saturation seemed to occur. Particle agglomeration stopped when
the flocs inside the acoustic nodes became too large. When acoustic nodes be-
come saturated, the particles simply start to bypass the nodes towards the outlet.
If the agglomerated particles become too heavy, they may settle to the bottom
taking other agglomerations along. In fact the system then behaves as an acous-
tically enhanced settler, similar to Applikon’s BioSep, used in biotechnology.
Optimisation of such a settler can be done with similar models as used for the
design evaluated here. The integration of experiments and models can be used to
optimise the operational settings [15].
The acoustic separator might also perform well if a continuous mode of operation
combined with a quasi-standing wave is used. Introducing a 0.1 kHz frequency
shift between the upper and lower transducer set will force particles to the lower
end of the separation chamber as done earlier in [67]. In that case the outlet port
2 can be continuously used to withdraw concentrated particles. Such a config-
uration requires accurate frequency control on both the upper and lower set of
transducers, which was not possible with the devices used.
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7.5 Conclusions
The evaluation of a new acoustic particle separator was presented in this study.
The system was evaluated at three flow rates 1, 2 and 3 ml/s. The maximum
filtration efficiency was 54% and the concentration efficiency 76%. The perfor-
mance found was lower than the 100% that was found in a simulation study [13].
The mismatch was mainly attributed to (i) the pulsation of the feed pump, (ii)
modelling discrepancies, (iii) limitations to the power supply and (iv) the small
particle size used in these evaluations.
8. FLOW CONTROL IN ACOUSTIC
SEPARATORS
Abstract
Acoustic separation is a relatively new method for recovering valuable particulate
matter from suspensions. This separation method is mainly used in medical tech-
nology, but may well be applicable as water purification and material recovery
technique. The key question then is what separation efficiency can be reached
and whether this can be realised in an energy-efficient way.
In the current study, a commercially available acoustic separator, named BioSep,
which employs ultrasound enhanced sedimentation, was used. With the aim to
achieve a high separation efficiency with minimal energy consumption, a model-
based open-loop switching control strategy was designed for the BioSep, using
a numerical-experimental approach. Firstly, a dynamic BioSep model structure
was derived from mass balances and its system properties were studied. Then, the
unknown system parameters were estimated from steady state and dynamic ex-
perimental data and subsequently, the switching times of the control input were
determined. The model with switching control outputs was then validated by
experiments. Finally, the control strategy was implemented in the experimental
setup and tested using suspended potato starch. Results showed that the opti-
mal control strategy reached a mass separation efficiency of 96%, which was an
improvement of 4% with respect to the initial settings, while using less energy.
This chapter was published as
H.J. Cappon, L.A. Stefanova, K.J. Keesman (2012) Concentration based flow control in acoustic
separation of suspensions. Separation and Purification Technology, Vol. 103, pp 321-327
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8.1 Introduction
Separation technology plays an important role in process industry. Solid-liquid
separation is a common type of separation used in processing particulate slurries
and it has three important functions [62]: i) recycling and reusing both phases of
the suspension, ii) recovering the valuable solids (particles) and iii) recovering
and cleaning the liquid.
Our final aim is to apply acoustic separation technology for the recovery of valu-
able particulate matter from waste water in industry. For this type of applications,
large scale separator systems require detailed design and evaluation in order to
optimise the system performance at the earliest stage possible. Numerical mod-
els can aid the design of the acoustic separator system itself [11, 14] as well as
enhance its efficiency by adequate process control strategies, the latter being the
objective of this study.
In the current study a commercial acoustic separator named BioSep (Applikon
B.V., Schiedam, The Netherlands) is used for suspension separation. The main
objective is to obtain an optimal switching control strategy for the BioSep in order
to achieve a high separation efficiency with minimal energy consumption. Ini-
tially, separation efficiency is defined as the difference of particle concentrations
measured in the concentrate and filtrate of BioSep. As concentration is linearly
correlated to turbidity, turbidity is used to calculate efficiency. The switching
control strategy is obtained by formulating a state space model of the separator,
identifying the system parameters from steady state analysis and dynamic exper-
iments and finally optimising the control strategy. The optimised strategy thus
obtained is validated under real-world conditions in an experimental setup.
8.2 Acoustic separation principle
The principle of acoustic separation is based on the fact that acoustic waves ex-
ert forces on solid particles in a liquid or gas [47]. At ultrasonic frequencies, and
even more in ultrasonic standing wave fields, these forces become large enough to
concentrate particles in acoustic pressure nodes (when the particles are denser and
stiffer than the surrounding medium), thus separating the solid and fluid phase to
a large extent (see Figure 8.1). The phenomenon has already been investigated
by various studies [60, 35, 36, 65, 57, 55] and was also tested in an industrial
setting for the removal of suspended particles from cooling water [7]. However,
it proved unsuccessful due to the extremely small particles involved. The tech-
nique proved successful in lab-scale, commercially available acoustic separators,
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like the BioSep from Applikon (Metrohm-Applikon B.V., Schiedam, The Nether-
lands) used in this study.
Figure 8.1: Three step acoustic separation principle: a) creation of the ultrasonic
standing wave field, b) collection of particles in nodal lines, and c) agglomeration of
particles forming clumps, which settle more easily.
The BioSep acoustic separator applies ultrasound enhanced sedimentation as sep-
aration technique. The system creates a standing wave in a water filled cavity,
called the resonance chamber, which causes the particles to agglomerate and set-
tle at the bottom of the chamber. The system has one inlet at the bottom and two
outlets, each of which is driven by a pump: the filtrate is extracted from the top
of BioSep, while the concentrate is drawn from the cavity at the bottom, near the
inlet. In order to drain the cavity regularly, both the filtrate pump and ultrasound
are switched off, while the concentrate pump continues running. It is important
to note that the standing wave field does not cover the entire chamber: the top and
bottom of the chamber experience little resonance, so that the flow in the actual
resonance area is hardly hindered by inlet and outlet flows.
8.3 Materials and Methods
8.3.1 Experiments
Two sets of experiments were performed in order to determine the system prop-
erties, which are needed for adequate model based controller design:
1. Determination of the optimal pump rate of both outlet pumps connected
to BioSep. A calibrated suspension of 0.83 mg/ml potato starch was fed
into BioSep and the turbidity of both outlets (concentrate and filtrate) were
measured. Because maximum filtration efficiency is pursued, the optimal
pump rates were determined by varying both pump rates from setting 1 to 9,
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leading to 81 experiments being evaluated for a certain inlet concentration.
After each run the turbidity of both outlets was determined with an off-line
turbidity meter. The settings producing the maximum efficiency, defined as
the difference between the turbidities of concentrate and filtrate, were used
in the subsequent steps. The switching time (sound on/off, filtrate pump
on/off) was kept constant at 30 s on and 3 s off.
2. Determination of the steady state and dynamic behaviour of the measured
concentrations. Again a calibrated suspension of 0.83 mg/ml potato starch
was fed into BioSep and the turbidity at both outlets was determined with
a sampling rate of 2 Hz with an in-line turbidity meter during 10 switched
runs of 30s on/3s off, resulting in an experimental run of 330 seconds.
The experimental setup used is shown in Figure 8.2, consisting of the follow-
ing materials: BioSep ADI 1015 (AppliSens), which consists of a control mod-
ule (ADI 1015) and a resonator chamber (SonoSep ABF100.1 ); two peristaltic
pumps with double-rotor pump head L/S EASY-LOAD MasterFlex 7518-00 (Cole-
Parmer Instruments) ; off-line turbidity meter - MI 415 (Martini instruments);
on-line turbidity meter, consisting of Turbidity Transmitter Trb 830 (Mettler-
Toledo) and a Data Acquisition System (DAQ); measurement chamber for the
inline turbidity meter made of ABS; LabVIEW 2010 software (National Instru-
ments); MATLAB R2011a software (MathWorks); magnetic stirrer RCT basic
(IKA LaboRtechnic); scale LabStyle 303 (Mettler-Toledo); glass beakers; cylin-
ders; 99% pure insoluble potato starch and distilled water.
8.3.2 Piece-wise linear state space model
In order to obtain a valid dynamic model of the separator system, the chamber of
the Biosep is divided into three virtual compartments (see Figure 8.3). The first
compartment (C1) includes the upper part of the Biosep’s chamber, including
the actual resonance area. However, it excludes the volume, which contains the
suspended particles held by the acoustic field and the liquid in their near prox-
imity, which is actually the third compartment (C3). This division in the upper
part of the chamber is needed in order to have particles migrate from the fluid to
the acoustic pressure nodes when the acoustic field is switched on and from the
nodes to the fluid when the acoustic field is switched off. The lower part of the
BioSep’s chamber is the second compartment (C2). Every compartment (Ci) is
characterised by its own volume Vi and concentration of suspended particles Si.
The concentrations in the three compartments are chosen to be the system state
variables.
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Figure 8.2: Experimental setup using a BioSep, two peristaltic pumps and an inline
turbidity meter (left) and a zoomed in view of the BioSep resonator chamber (right).
The model is built up with the following features:
1. Biosep has one inlet and two outlets - one for the filtrate and one for
the concentrate. There are two pumps, which determine the filtrate flow
rate (Q1) and the concentrate flow rate (Q2). Addition of these gives
Qin = Q1 +Q2 for the entire system. In the current setup pump 1 switches
simultaneously with the acoustic field. This switch is modelled with a dig-
ital transducer coefficient α, which can have only two values: 1 (on) and 0
(off);
2. Mass transfer takes place between C1 and C3. This transfer is characterised
by a transfer rate coefficient (k1);
3. When the acoustic field is switched off a reverse reaction of the concentra-
tion occurs. Suspended particles from C3 are released to C1, described by
a reverse transfer coefficient (k3);
4. In addition to the reverse reaction, a settling reaction occurs. It is assumed
that this reaction takes place between C1 and C2 and characterised by a
settling coefficient (k2);
130 CHAPTER 8. FLOW CONTROL IN ACOUSTIC SEPARATORS
Figure 8.3: Separation model of BioSep using three compartments, one inlet and two
outlets for filtrate and concentrate flows.
5. The losses from C1 to C2 due to turbulence or diffusion are also taken into
account by introducing a loss coefficient (k4).
Mass balances are defined for each of the three compartments with fixed volumes.
As a result, the following model, which gives the relationship between the system
state variables, is obtained:
V1
dS1
dt
= Q1Sin −Q1S1 − αk1S1V1 + (1− α)k3S3V3 − k2S1V1
Q1 + k4
(8.1)
V2
dS2
dt
= Q2Sin −Q2S2 + k2S1V1
Q1 + k4
(8.2)
V3
dS3
dt
= αk1S1V1 − (1− α)k3S3V3 (8.3)
with Vi the compartment volume, Si the compartment concentration, Qi the flow
rate for i = 1, 2, 3, kj the transfer coefficients with j = 1, 2, 3, 4 and α the control
switch parameter. These equations can be interpreted as follows:
• Equation 8.1 represents the mass balance over C1. Mass changes V1 dS1dt in
C1 are caused by incoming particles from the stock suspension (Q1Sin),
outgoing particles from C1 to C3 caused by the acoustic field (αk1S1V1),
incoming particles from C3 when the acoustic field is off ((1−α)k3S3V3),
outgoing particles from C1 to the filtrate (Q1S1) and finally settling of
particles from C1 to C2 (k2S1V1Q1+k4 ).
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• Mass changes in Equation 8.2 are a result from incoming particles from
the stock solution (Q2Sin), outgoing particles from C2 to the concentrate
(Q2S2) and incoming particles from C1 due to settling reaction (k2S1V1Q1+k4 ).
• The mass changes in the third compartment are defined by equation 3. The
mass change is determined by incoming particles from C1 as a result of the
ultrasonic field (αk1S1V1) and outgoing particles from C3 to C1 when the
ultrasonic field is switched off ((1− α)k3S3V3).
Based on these equations, and under the assumption that all concentrations are
output of the separator system, the BioSep model in general state space form
becomes:
d
dt
S1S2
S3
 =

Q1Sin
V1
− Q1S1V1 +
(1−α)k3S3V3
V1
− αk1S1 − k2S1Q1k4
Q2Sin
V2
− Q2S2V2 + k2S1V1V2(Q1k4)
αk1S1V1
V3
− (1− α)k3S3
 (8.4)
Y =
S1S2
S3
 (8.5)
Where S1, S2 and S3 are the state variables, Q1, Q2 and α are the control in-
puts, Sin is the disturbance input and Y is the system output vector. Since the
control inputs Q1, Q2 and α are determined from an optimal switching control
strategy, the control inputs are fixed on a interval and thus Equations 8.4 and 8.5
become a so-called piece-wise linear state-space model. The coefficients ki are
not yet known and need to be derived from steady state analysis and/or dynamic
experiments.
8.4 Results
8.4.1 Optimal pump rate ratio
The 81 experiments at different pump rates for both outlet pumps result in the
landscape shown in Figure 8.4. It shows a maximum when filtrate pump 1 is
set to rate 2 (0.46 ml/s) and concentrate pump 2 to rate 5 (1.38 ml/s). These
settings are used for the steady state and dynamic analysis, thus fixing Q1 and
Q2. However, note that Q1 will become 0 when the acoustic field is switched off.
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Figure 8.4: Landscape of 81 experiments with nine flow rates for the filtrate pump and
concentrate pump.
8.4.2 Steady state analysis
Figure 8.5 shows the changes in the concentrations of interest (Sin, S1 and S2)
over time using averaged data of multiple runs. The acoustic field is switched
on for 30 s and off for 3s, thus four cycles are shown. There is a significant dif-
ference between S1 and S2, which was also clearly observed in the experiments
by visual inspection. Secondly, the turbidity of the stock solution (Sin), 0.83
mg/ml potato starch, can be assumed constant. Surprisingly, S2 also seemed to
be constant over time. The expected increase of S2 during particle release (sound
off) was not observed. The slight increase due to particle release is most likely
submerged in the measurement noise. S1 reached its steady state value during
the sound-on period, so that this part of the signal could be used for steady state
analysis. During the sound-off period no steady state was reached. However, in
what follows, it is assumed that the minimum of S1 on the sound-off interval can
be used as a steady state estimate.
Given the steady state values for Sin, S1 and S2 (denoted by the index ss), and
the equation dS1dt =
dS2
dt = 0, three parameters k1,k2 and k4 can be estimated
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Figure 8.5: Dynamic experiment of inlet (Sin) and outlet concentrations (S1 and S2)
showing four filtration cycles. Pump 1 and the ultrasound are switched on for 30 s and
switched off for 3 s.
from the general state space form in Equation 8.4 and are given by:
k1 = −Q1(S1sson − Sin) +Q2(S2sson − Sin)
S1ssonV1
(8.6)
k2 =
Q1Q2(S2sson − Sin)
S1sson ∗ V1 (8.7)
k4 =
S1ssoffV1k2
Q2(S2ssoff − Sin) (8.8)
(see Appendix D for details)
In order to estimate these parameters the volumes of the three compartments,
the concentration of suspended particles in the stock solution and the filtrate and
concentrate flow rates were needed.
With a known total volume (24 ml) and resonator volume (7 ml) of the BioSep
and assuming that the volume of C3 is 10% of the volume of C1, the volumes of
the three compartments were calculated. Thus, the volume of C1 is 6.36 ml, the
volume of C2 is 17 ml and the volume of C3 is 0.64 ml. The flow Q1 was fixed
to 0.46 ml/s and Q2 to 1.38 ml/s. During sound-off Q1=0 ml/s.
The concentration of particles in the suspensions was calculated as a time av-
erage of all measurements. The outcome of this calculation was 0.797 mg/ml
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Table 8.1: System parameter values in steady state analysis.
parameter value unit
V1 6.36 ml
V2 17 ml
V3 0.64 ml
Q1on 0.46 ml/s
Q1off 0 1/s
Q2 1.38 ml/s
Sin 0.797 mg/ml
S1sson 0.075 mg/ml
S1ssoff 0.015 mg/ml
S2 0.853 mg/ml
for Sin and 0.853 mg/ml for S2. For S1 the average of the steady state during
the sound-on period was used, resulting in an S1sson=0.075 mg/ml. During the
sound-off period a minimum of S1 of 0.015 mg/ml was found using an average
of three minima. This value is used in Equation 8.8 as an estimate of S1ssoff .
A summary of the values obtained is given in Table 8.1.
8.4.3 Dynamic data analysis
As already mentioned in the previous section S2 does not show a consistent dy-
namic response during switching of the sound over various runs. However, during
the sound-off period a drop in S1 is seen. The drop is most likely a result of par-
ticle settling inside the turbidity meter’s chamber. If particles were released from
C3 only to C1 one would at least expect a notable increase of S1 right after pump
1 (Q1) is switched on again. This increase is not visible, which implies that either
the turbidity meter is insensitive to this concentration increase or particles have
already settled from C1 to C2 as well, as described by k2. Hence, the dynamic
experiments do not provide additional information to the steady state analysis.
This means that coefficient k3 cannot be estimated from the steady state analysis
nor from the dynamic data. However, in what follows we assume that the release
of particles from C3 to C1 happens rather quickly, within the 3s in which BioSep
is switched off, otherwise serious accumulation during multiple runs would oc-
cur. Also, from visual inspection, it was observed that particles are immediately
scattered all over BioSep’s chamber (C1, C2 and C3) during the sound-off pe-
riod, which, during this time, implies a large k2 as well. Consequently, k2 is not
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Table 8.2: Coefficients kj of the control model obtained from steady state and dynamic
analyses.
constant value unit
k1 0.534 1/s
k2on 0.075 ml/s2
k2off 1.65 ml/s2
k3 1.20 1/s
k4 0.092 ml/s
a constant. When the transducer is off, equation 8.3 becomes:
dS3
dt
= −k3S3 (8.9)
so that
S3(t) = S03e
−k3t (8.10)
with S03 the concentration right before particle release. If we then, based on
visual inspection, assume 97% release (i.e. S3(t = 3) = 0.03S03) from C3 to C1
(resulting in an approximate homogeneous concentration in the entire chamber,
because (V1 − V3)/V1 = 0.97) it turns out that k3off is approximately equal to
1.2. Higher k3off means quicker release. As we concluded that k2 is different
under sound-on and sound-off conditions, k2off should be of the same order
as k3off , we therefore assume k2off = k3offQ2, while k2on is estimated from
Equation 8.7.
A summary of the estimated kj values is given in Table 8.2.
8.4.4 Model validation
Given the estimated values of the parameters, the output behaviour of the piece-
wise linear system, is simulated during a period of one cycle (33s) and ten cycles
(330s) with time step of 0.1 seconds. The outputs of the system are the three
states - the concentrations of suspended particles in the three compartments (see
Equation 8.5). The result of this dynamic simulation is shown in Figure 8.6.
It shows that S3 increases and decreases quickly during each on-off cycle and
that both S1 and S2 remain rather constant due to their much larger associated
volume, which corresponds to the measured signals. For comparison with the
experiments the average steady state values of S1 and S2 can be calculated. The
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average concentration for S1 is 0.076 mg/ml and the average for S2 is 1.02 mg/ml
versus 0.075 mg/ml and 0.835 mg/ml in the experiments. The efficiency in the
experiment was 91% and in the simulation 92%.
Figure 8.6: Dynamic simulation showing outlet concentrations (S1 and S2) and
internal concentration (S3) during 10 filtration cycles. Pump 1 and the ultrasound are
switched on for 30 s and switched off for 3 s resulting in 92% separation efficiency.
8.4.5 Optimal switching control
Recall that there are three control inputs: transducer coefficient (α), filtrate flow
rate (Q1) and concentrate flow rate (Q2). Considering a switching control strat-
egy all of these inputs can have only two values, either in switched-on state or
switched-off state, thus implying constant pump rates for Q1 (0 or 0.46 ml/s)
and Q2 (0 or 1.38 ml/s) and α is either zero or one. Moreover, one cycle con-
sists of two periods: a short one of 3 seconds and a long one of 30 seconds.
Thus, there are eight possible combinations of the control inputs for each period.
Consequently, for a full cycle of 33s, containing two periods, there are 64 (8*8)
combinations of the control inputs, which represent 64 different control strate-
gies. In order to select the optimal control strategy by enumeration, each of the
64 combinations were simulated using exact solutions of the piece-wise linear
systems defined by Equations 8.4 and 8.5 and given values for Q1, Q2 and α.
The optimal control strategy was then chosen by the following criteria:
a) The difference (∆m) between the total mass of suspended particles in the
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concentrate mc and filtrate solution (mf ), obtained after one cycle, should be
maximised, with
∆m = mc −mf =
∫ tcycle
0
(Q2(t)S2(t)−Q1(t)S1(t))dt (8.11)
b) The total mass of suspended particles in the filtrate solution (mf ) after one
cycle should be minimal, which implies that the desired value is actually zero.
As can be seen from equation 8.11, the total mass of the filtrate will be equal
to zero in two cases, when the filtrate flow rate is zero all the time (Q1(t) = 0)
or when the concentration of particles is zero all the time (S1(t) = 0). If the
filtrate flow rate is equal to zero this means that the volume of filtrate solution
is also zero (Vf = 0), in other words, there is no production of filtrate solution.
Consequently, in order to ensure that there is production of filtrate solution, its
volume should be different from zero. As a result, the second criterion becomes:
the total mass of suspended particles in the filtrate solution (mf ) after one cycle
should be minimal with
mf =
∫ tcycle
0
Q1(t)S1(t)dt (8.12)
and the volume of filtrate solution should be different from zero, thus Q1(t) > 0
for t ∈ [t1, t2] with t2 > t1.
c) The energy used during the process should be minimal, therefore assuming
that the BioSep should be switched off as much as possible.
Table 8.3 shows the eight best of all 64 control strategies with associated ∆m
and mf . Maximal mass difference and minimal filtrated mass is obtained with
simulation 52 (i.e. Q1=0.46 ml/s; Q2=1.38 ml/s; α=1 for 3s and Q1=0 ml/s;
Q2=1.38 ml/s; α=0 for 30s), which also satisfies the minimal energy criterion.
The optimal control strategy satisfying the criteria consists of a short period dur-
ing which the transducer and both pumps are working and a long period during
which only pump 2 is working. This setting was simulated during 10 cycles as
shown in Figure 8.7, resulting in 99% separation efficiency in the simulation and
was then verified experimentally resulting in a separation efficiency of 96%. This
is an efficiency improvement of 4% with respect to the initial experimental setting
achieved by an optimal switching control strategy only.
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Table 8.3: Initial set and best set of 64 simulated control strategy showing simulation
number, mass difference and filtrated particle mass. Maximal mass difference ∆m and
minimal filtrated mass mf is strived for, which corresponds to strategy 52.
Simulated strategy ∆m [10−2 g] mf [10−3 g]
initial 2.38 1.02
20 2.41 0.07
24 2.45 0.10
28 2.39 1.13
32 2.40 1.20
52 2.46 0.07
56 2.45 0.10
60 2.42 3.60
64 2.42 3.60
8.5 Discussion
An optimal control strategy was obtained from an averaged series of dynamic
experiments using an ultrasonic separator combined with a dynamic model of the
separator and open-loop switching control. There are various ways to control
an acoustic separation process depending on the goal pursued. Initially, in the
experiments for finding an optimal pump rate ratio, the flow rates of the filtrate
(Q1) and concentrate (Q2) pump were varied such that a maximum difference
in turbidity between concentrate and filtrate was obtained. In the second step,
the maximum mass difference between concentrate and filtrate was used as the
optimisation criterion. This seemed more appropriate, because the final aim was
particle recovery. Ideally, the first experiments for an optimal pump rate ratio
should be run again using this second criterion. However, the optimal pump rate
experiments are quite time consuming and the, most likely, new pump rate ratio
will not result in changes to the model or procedure. Moreover, in addition to the
acoustic power, ideally flow rates will also be subject to (controlled) changes. In
the current study, a high separation efficiency and thus high product purity were
pursued with a given constant influent quality. In future work, when considering
unknown and strongly time-varying influent quality, feed-forward and/or feed-
back controllers will be designed, while using both acoustic power and flow rates
as control inputs. In that case a similar model applies, however, a more accurate
(and still being designed) on-line turbidity sensor will be needed.
In the results presented, starch was used as suspended matter, because starch
recovery from waste water in food industry is uncommon and expensive, whereas
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Figure 8.7: Dynamic simulation showing outlet concentrations (S1 and S2) and
internal concentration (S3) during 10 filtration cycles with optimal control. Pump 1 and
the ultrasound are switched on for 3 s and switched off for 30 s resulting in 99%
separation efficiency.
it induces a high biological oxygen demand in water treatment plants, even after
the process of anaerobic digestion. However, the separation process has a wider
range of application, as it was also evaluated successfully for suspended clay and
much larger particles, like herbs.
Given the low signal-to-noise ratio, due to which system changes with time were
not clearly visible, the estimated parameters were rather accurate: an average S2
of 0.853 mg/ml was measured in the experiments while an average steady state
S2 of 1.02 mg/ml was obtained from simulation using the parameter estimated
from Table 8.1. The concentration S1 was even more accurate, 0.075 mg/ml in
experiments and 0.076 mg/ml in simulation. Given the mass balance for the entire
system in multiple cycles (no accumulation in BioSep) SinQin = S2Q2 + S1Q1
in steady state, it can even be shown that in fact the 1.02 mg/ml for S2 is more
accurate than the 0.853 mg/ml measured. The mass balance, assuming S2 to be
the only unknown, results in an estimate of S2 of 1.037 mg/ml. Of course also
S1 may have been measured inaccurately, whereas the stock solution Sin was
accurately prepared and flow rates were rather accurately determined as well.
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8.6 Conclusions
A model-based open loop switching control strategy of the commercially avail-
able device BioSep, which employs ultrasound enhanced sedimentation, was de-
veloped. Unknown system parameters in the model were estimated using steady
states and limited dynamic data from experiments. The results showed that the
setup used for turbidity measurements could not accurately detect the expected
changes with time. Nevertheless, an optimal open-loop switching control strat-
egy for the BioSep was designed such that high separation efficiency of 99% was
achieved in simulation, resulting in a separation efficiency of 96% in the experi-
ment.
9. DISCUSSION AND CONCLUSIONS
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9.1 Discussion
9.1.1 Design methodology
The design methodology applied in this thesis was a numerical-experimental ap-
proach. A design based purely on experiments is quite expensive and also time
consuming, as each single design change should be evaluated first, in order to
perform the next step. Although numerical modelling can take quite some time
as well, since predictive and detailed (finite element) models require proper vali-
dation, the insights gained are invaluable to the design process. Single or multi-
parameter design changes can easily be evaluated using numerical models and
numerical optimisation can be used to find the optimal solution to a (design)
problem.
During this research, design changes were evaluated using a Design of Experi-
ments (DOE) approach, using random (Monte Carlo), Latin-Hypercube and Full
Factorial sampling methods within the design space. This sampling strategy was
done during each design step of this study i.e. with respect to the piezoelectric
transducer (Chapter 3), the resonator dimensions (acoustics and flow, Chapter
6) and the sensitivity studies (sections 3.4.3 and 6.5). The advantage of these
methods is that they provide thorough insight into the effect of different design
parameter changes on the system’s performance. The risk of missing trends is
minimised by this approach, especially when random sampling is used. How-
ever, the disadvantage is that the amount of simulations and thus CPU and anal-
ysis time tend to become quite large.
A DOE is essential when performing optimisation of a system with an irregular
response surface (section 3.3.3), since there is a large chance of ending up in a
local minimum (or maximum), unless multiple starting points are used. More-
over, design parameter optimisation along extremely irregular surfaces might not
result in a practical design, simply because the accuracy needed to manufacture
the optimised design is beyond practical feasibility. In such case, as seen during
the determination of the resonator dimensions (Chapter 6), a DOE with practi-
cally feasible and fixed parameter steps is the best approach to find an optimal
solution.
9.1.2 Finite element modelling
Existing one-dimensional models, as proposed and used by various researchers
[23, 38], have the main limitation that the acoustic pressure field found is always
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sine-shaped throughout the length of the resonator and thus analytical solutions
have been found. Hence, the 1D approach supposes that any particle inside a fluid
flow running through the resonance field surely will encounter an acoustic pres-
sure peak or pit and can possibly be trapped. Therefore, as long as the acoustic
pressure is large enough to trap the particle, the particle will never escape from
the resonator. In practise, however, particles do escape, because the 1D field is a
utopia in 3D structures.
2D models, as applied here, add an extra dimension, showing that the pressure
patterns inside the resonance field cannot easily be predicted on the basis of an-
alytical models. Moreover, when additional details are introduced, like trans-
ducers with size limitations, flow lanes, in- and outlets, physical boundaries and
even fluid flow, the complexity of the model becomes such, that analytical so-
lutions from 1D models will not suffice. The other extreme, the addition of a
third dimension, might increase the accuracy even more, but will also increase
the complexity to such an extent that the hardware becomes the limiting factor.
The largest 2D models in this study had near 600.000 (small) elements subject to
one first-order or one second-order partial differential equation (from the piezo-
electric and acoustic domain) using quadratic finite elements. This resulted in
frequency domain analyses taking several hours for a limited frequency sweep of
21 steps (Intel i5, quad core 3.1 MHz CPU). Particle tracing simulations of 5 s
simulation time with highly fluctuating pressure fields of several MPa, took up
to 12 hours of CPU time. A 3D approach would require significantly more CPU
power, which was not available. The assumption was that the extra CPU time
needed for 3D simulations would not compensate for the expected improvement
of the result. In the end, it was proved that the 2D approach was adequate for
proper system design (Chapter 7).
The current models used the principle of superposition for the determination of
the system performance by means of particle tracing simulations. The results of
the acoustic field simulations were projected on the flow simulations and com-
bined to a third, particle tracing simulation. The assumptions made using super-
position, were therefore as follows:
• The fluid flow does not influence the acoustic field. This assumption is jus-
tified because the maximum laminar flow speed (20 mm/s) is much smaller
than the speed of sound (near 1500 m/s) and because no turbulence oc-
curred (Re < 120);
• The particles in the fluid have no influence on the density of the fluid, which
can be considered true for the small particle concentrations used (1h) of
near-neutral buoyant particles (1100 kg/m3);
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• The particles in the fluid have no influence on the acoustic field. This will
be true for low concentrations as well;
• The particles in the suspension do not interact. This is true for low con-
centrations and randomly scattered particles, but is definitely not true for
concentrated particles in the pressure nodes of the acoustic field (Chapter
7). Therefore, the current 2D model is not suitable for particle concen-
tration simulations. The particle retention simulations are therefore only
an approximation to the performance. On the other hand, agglomerated
particles will form larger flocs, which are more easily captured by ultra-
sound and will decrease energy demand. Note, however, that the Gor’kov
equations do not apply to large particles (Chapter 2);
• Sound scattering by the (spherical) particles and particle concentration do
not affect the attenuation. Again, this is true for low concentrations, but
not true for areas with agglomerated particles;
• There is no influence of Eckart streaming, resulting from attenuation. Since
the attenuation is limited within small cavities, this assumption is justified.
Moreover, two transducers were used on either side of the cavity, so that
the effect of attenuation will be minimal.
The design approach taken here did allow a model update and subsequent val-
idation step. At first, the filtration efficiency results obtained from the simula-
tions were evaluated with respect to those of the prototype separator, followed by
changes to the model (voltage and particle size) for a more valid comparison. A
final validation step using the measured admittance (see Chapters 3 and 4), by
implementing the updated properties of the transducer and the epoxy adhesive,
and validating the changed model once more with another series of experiments,
was beyond the scope. Although this is a fully valid step, it only contributes
to having a better model, not to obtaining a better prototype. Improvement of
the prototype itself is surely possible, but would require another iterative loop
thereafter. Moreover, accurate prototype building is then the next step to actually
improving the performance (see also section 9.1.3).
9.1.3 Parameter identification
Parameter identification and model validation were performed by comparison of
the measured and simulated admittance of both the piezoelectric transducer (sec-
tion 3.4.2) and the resonator model (section 4.3). This implies that the prototype
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separator manufactured (Chapter 7) has similar material properties as used in the
model-based design optimisation (Chapter 6). Generally, this is not true, since
there will always be discrepancies between the two. In this study the transducer
used in Chapter 3 and the demonstrator in Chapter 4 is different from the one
applied in the prototype separator of Chapter 7 (although the modelled thickness
was adapted to obtain the correct eigenfrequency). The SPC-140 transducer is
an expensive (EUR 750), high quality device with well defined characteristics,
whereas the Noliac NCE-41 transducer (EUR 15) is mass produced with less
stringent specifications. This certainly had an influence on the separator perfor-
mance (Chapter 7). The thought behind this was that the extremely expensive
transducer would hardly contribute to a better performance of a handmade pro-
totype device with many other deficiencies, like badly defined epoxy glue prop-
erties, to which the separator is very sensitive (Chapter 4). Applying the better
transducer in separator devices requires well defined and precise manufacturing
methods, especially in transducer bonding and wiring. These methods were not
studied nor applied. Note, however, that the cheaper alternative might be ade-
quate for many purposes.
9.1.4 Optimisation
Throughout the design process the acoustic pressure was used in the goal func-
tion for acoustic separator optimisation (Chapter 6). The question is then whether
validation based on admittance is a satisfactory approach in the preceding steps
(Chapters 3 and 4). It is known that the acoustic pressure in the fluid influences
the electrical admittance of the transducer, both in reality and in the model. Trans-
ducer deformation or system mode shapes can also be verified with laser inter-
ferometry and pressure can be verified only in specific locations with a micro-tip
(needle) pressure sensor, which will disturb the acoustic field at MHz frequencies
(sub-mm wavelengths). However, neither of these methods was applied, because
such setups require expensive and accurate equipment and their contribution to
a better result should legitimate their use. Accurate measurements of various re-
sponses would certainly improve the accuracy of the estimated parameters, which
included the geometrical parameters (section 4.3.2), but the influence of the sub-
sequent unavoidable design changes to these geometrical parameters - the main
issue in the separator optimisation - would still be undefined. Thus, the starting
position would be well defined, but not the subsequent changes applied. More-
over, the unknown parameters were estimated with the measured admittance of
an empty separator, and validated with a filled separator chamber. The admittance
response changes, observed after filling the separator, were similar in the exper-
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iments and the simulations, indicating that the admittance was a valid parameter
to evaluate the system response; limited but valid.
Optimisation was performed using the average absolute acoustic pressure inside
the resonator, which was found to be related to the particle displacement (Chapter
5). An average absolute pressure larger than 0.5 MPa was adopted as an adequate
criterion for particle trapping. It is likely that even a pressure of 0.4 MPa will
adequately trap all particles, thus reducing the power consumption (as voltage is
linearly related to pressure in the model). In practical operation, a control strategy
most likely aims at maintaining the separation efficiency of particles of any size.
If this efficiency could be maintained by decreasing the power, the controller
can certainly do so. In that sense, the chosen pressure criterion is indispensable
for modelling and optimisation, but not directly of interest to the actual system
operation. In practise, a high average pressure will be detrimental if it causes
cavitation. Cavitation will have several effects on the suspension: turbulence,
degassing and possibly (organic) particle oxidation and will therefore completely
destabilise the acoustic separation process. Measures should be taken to minimise
cavitation and maintain separation efficiency.
The final design is highly dependent on the objective chosen for optimisation.
If minimal admittance, maximum pressure or minimal power were pursued, the
result would be different. Even the particle size aimed for and the operation
temperature will change the design. It is therefore very important to chose the
right objective and practically operate likewise. Also the fluid and particle ma-
terial properties will influence the best possible design, because they determine
the density, stiffness and attenuation. This does not mean that the current design
cannot be used in other circumstances, but it explains some of the limitations to
the efficiency as found in Chapter 7.
9.1.5 Experiments
The final design was evaluated by means of a series of experiments with starch
suspension of 1 g/l (Chapter 7). This is a relatively large concentration in terms of
water quality, but has the advantage that it shows a rather quick saturation of the
separator chamber. Even though a less efficient process was expected in reality
as compared to the model, also the experiments in itself were far from optimal.
The pulsating flow caused large fluctuations in fluid acceleration. This problem
can be solved by using a pressurised or elevated reservoir, as will be discussed in
Chapter 10.
Particle agglomeration and saturation were also indicated as possible causes of
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limited concentration efficiency, because particles were by-passing the areas of
high saturation. Optimisation of the operational process and taking into account
the effects of saturated agglomeration is therefore recommended. Moreover, it
is not exactly known to what extent smaller particles than aimed for (< 10µm in
this case) contribute to the turbidity found. Filtering a 350 NTU starch suspension
with a 1.2µm Whatman filter still resulted in a filtrate turbidity between 30 NTU
(newly made suspension) and 120 NTU (suspension after 2 hours), indicating
that there is a significant contribution of small particles to the turbidity. One
cannot simply extrapolate these numbers to a specific concentration, since also
the relation between concentration and turbidity will change with particle size
range.
However, the main limitation in the experimental evaluation of the model-based
design of Chapter 7 was the limited power delivered by the ADI1015 amplifiers
and, related to that, synchronisation problems with more than one amplifier. A
more powerful and precise amplifier is recommended, which can control the fre-
quency within a predefined narrow band. Modern electronics also provide more
efficient methods for high frequency amplification compared to the more than a
decade old ADI1015. The current ADI1015 amplifiers have a heat loss of more
than 30% (30 W input versus 20 W maximum output), which is too much for
large system applications.
Chapter 7 provided an evaluation of the separator performance, instead of a model
validation step. The main reason is that there was a mismatch between the output
of the model and the output of the experiments. As explained in section 9.1.2,
the model was unable to provide particle concentrations in water as a result of the
separation process, whereas it was concentration (turbidity) that was measured in
the experiments. On the other hand the experiments could not provide acoustic
pressure or particle trajectories, as did the simulation models. Furthermore, for
proper validation of the model particles of 10µm and 1100 kg/m3, a steady, lami-
nar flow and adequate power from the amplifiers would be needed. Even then, the
validation would be hindered by precisely setting the correct frequency, not being
the eigenfrequency, which produced the maximum pressure inside the resonator
(see Chapter 6). Hence, validation of the numerical model of the resonator is still
an open issue.
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9.2 Conclusions
In this thesis a stepwise numerical-experimental approach to acoustic separator
design was presented. Each layer in the separator was modelled and validated
with experiments, starting with the piezoelectric transducer up to the acoustics
and flow inside the resonator cavity. A model-based design optimisation was
performed using a Design of Experiments (DOE) method, which resulted in a
resonator with an optimal cavity size of 70×20×28.5 mm with three flow lanes
and two transducers on each side of the cavity. The matching layer thickness of
this system was 4.2 mm. The flow inside the resonator was perpendicular to the
transducer surfaces.
The resonator had a theoretical particle retention of 100% at a flow rate of 5 ml/s
(18 l/h) using particles with a diameter of 10µm and a density of 1100 kg/m3. The
minimum power required was estimated to be 22-34 W, resulting in an average
electric power of 1-1.5 kWh/m3. In order to obtain the desired flow rates of cubic
meters per hour a modular setup with at least 50 parallel systems is recommended,
which will be far more feasible than one large system, requiring a multiple of
electric power.
The actual separation efficiency was calculated using the relative concentrations
of influent and clarified fluid, both measured with a turbidity meter, since turbid-
ity and concentration are linearly related. The maximum practical concentration
efficiency obtained was 76% at a flow rate of 2 ml/s and a filtration efficiency of
54% at 1 ml/s with a real power input of 8.8 W. This is quite good compared to
other studies presented in Chapter 2 (see Figure 9.1), indicating that numerical
optimisation contributes to an improved separator design.
An optimal open loop control strategy showed that it is possible to operate an
acoustic separator with high separation efficiency using the least power possi-
ble. Future control strategies should include inline turbidity measurements and
feedback control to the voltage (power) and flow in order to optimise the opera-
tional filtering characteristics. Furthermore, modelling actual concentrations will
provide the model output to actually validate the models used.
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Figure 9.1: Concentration efficiency versus flow rate found in various studies (Chapter
2). The size of each balloon represents the given input power, while also the estimated
particle size is shown for each study.
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10. SYNTHESIS AND FUTURE PERSPECTIVE
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10.1 Industrial size separators
The current prototype was built to treat a maximum of 18 l/hr of water, which
means that multiple separators are needed to scale the process to larger dimen-
sions. Although there is some room to increase the depth by at least 50% (to 3
cm), there is certainly a limit to the flow rate, as higher flow rates will induce
turbulence. The current Reynolds number at 18 l/hr is near 115, so there is a
laminar flow. Furthermore, the maximum flow rate depends on the application
and the particle size. A rather easy way to increase the flow, is using two sides
of each set of transducers, thus creating an array of parallel separators (Figure
10.1). Such construction also contributes to decreasing the energy demand, since
two (resonant) transducer sides are used. Feeding such a large array of separa-
tors with suspension can be done by one reservoir, which is positioned above the
array, so that water is fed to the systems by means of gravity. The outlets are
connected to a second reservoir, from which the outlet flow is controlled by a
valve. The resistance inside the separators is so low that the specified 18 l/hr per
unit can be easily reached without additional pressure. A limitation of this paral-
lelised setup is that the separators cannot be stacked vertically without additional
flow control measures per separator unit.
Another option for device up-scaling is using a larger resonance chamber as was
done in the Dissolved Air Flotation (DAF) system for whitewater (paper industry
effluent) clarification [4]. Although this may seem to be an attractive solution,
such large scale devices are far from optimal with respect to energy demand.
If energy demand is not of importance, while maximum flow rate is, enlarging
the dimensions is the most straightforward way to increase the flow. In order to
increase the robustness, a stronger, stainless steel structure is recommended with
large transducer plates and thus lower operating frequencies below 1 MHz. The
lower frequency will require additional energy, but is less prone to attenuation
and thus heat development in the large separator. Cooling is not considered to be
a problem in any case, since the water itself acts as a coolant and its temperature
will only increase slightly while passing through the separator, as the retention
time at 5 ml/s is only 10 s.
10.2 Modes of operation
In this study only two modes of operation with fixed settings were used. In
Chapter 7 a sequenced batch mode was used: the separator was operated un-
til saturation took place and then concentrate was rinsed from the chamber by
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Figure 10.1: An array of separators with a reservoir on top (stock) and below (filtrate).
The outlet valve controls the water level and flow rate inside the array and a backwash
line washes out the concentrated suspension
.
backwashing. In Chapter 8 a continuous mode with pausing was applied: there
was a continuous flow towards the concentrate outlet, thus continuously washing
the chamber, while the filtrate flow and ultrasound was interrupted at set times,
allowing settling and draining of the agglomerated particles.
Although these are the main modes of operation, there are many manipulated
variables available for further optimisation:
• Switching times of both the ultrasound and the flow as in Chapters 7 and
8. Better separation might be induced by regularly switching off the sound
without draining, thus allowing agglomerated particle flocs to settle, which
can be done with a feedback controller on the basis of the measured filter-
ing efficiency (turbidity).
• Phase or frequency differences between upper and lower transducer set,
allowing movement of the particles towards one side of the chamber [18,
67].
• Active control of voltage (acoustic pressure) and frequency on the basis of
measured concentrations (turbidity) at the filtrate and concentrate outlets.
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• Angle of the chamber. If agglomerated particles do not settle at all, vertical
operation like in Chapter 7 does not contribute to the process. However,
if some settling occurs the might well be an optimal angle to the chamber,
which is yet unknown.
Part of these parameters (switching times, phase and frequency differences) can
be optimised by means of modelling. For optimisation of voltage based on tur-
bidity and the angle, more advanced models are needed, incorporating particle
agglomeration, particle concentration and interaction between the particles, the
flow and the acoustic field.
10.3 Fields of application
Acoustic particle trapping started as a method to harvest biological cells from a
suspension, like harvesting blood cells and bacterial colony flocs or yeast. Dur-
ing the last decade there has been little development in this biotechnological or
medical area, while the technique has developed towards miniaturisation for par-
ticle detection, manipulation and characterisation purposes. Very little has been
done on further development of water purification techniques with ultrasonic sep-
arators. In this research this relatively new filtration process was optimised and
its efficiency was evaluated. It was found that electric energy demand of 1-1.5
kWh/m3 limits the application of the technique to high value particles or toxic
/ hazardous particles, which must be recovered at all times. When larger par-
ticles are involved, the process becomes more feasible, due to lower power re-
quirements, yet other techniques, like sand filtration, will then come in sight, as
well. High product purity is a large advantage of acoustic separation over other
techniques, while no additional agents or filter media, which might deteriorate
product quality, are added to or interact with the water. A competing technol-
ogy is the hydrocyclone, which is used in food industry for the concentration of
starches. Trains of multiple hydrocyclones (up to 20) are used. Two advantages
of acoustic separation are a low shear stress as compared to hydrocyclonation and
the smaller chance of fouling.
A possible field of application is activated sludge-water separation after biologi-
cal processes, like BOD removal or digestion. A series of experiments in which
biological flocs were retained in the separator and the water was purified were
reported by Keesman et al. [45]. The biological flocs did not show any deteri-
oration due to the ultrasound and kept respiring dissolved organic material after
ultrasonic exposure. Such system can be an interesting alternative to Membrane
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BioReactor (MBR) technology, which has significant drawbacks due to fouling
and plugging of the system by the activated sludge used. The separator presented
in this study can be applied for sludge separation, but was not optimised to do
so. A few tests were performed to test the feasibility of effluent polishing using
communal wastewater effluent. The separator was shown to retain at least some
of the particulate inside the chamber. Modelling of the fluffy particle flocs inter-
acting with the acoustic field would be needed to optimise such a system. Such
ultrasound separator models for soft matter, however, do not seem to exist.
Various applications related to acoustical particle trapping have been identified
and patented during the course of this research:
• Enhanced disinfection focusing UV light beams on acoustically concen-
trated bacterial agglomerates (patent: NL1039050C);
• Particle/bacterial detection and sensors based on acoustically concentrated
particle agglomerates (patent: NL1039051C);
• Ultrasound Standing-wave Bio-Reactor (USBR), mentioned above (patent:
NL1039052C)
• Crystallisation or catalytic reactors, trapping crystals and/or catalysts in
a USW matrix, while the water to be treated passes through the reactor
(patent: NL1039053C)
Further modelling, optimisation and experimental work is required to develop
each of these methods into mature and applicable technologies.
10.4 Model enhancements
As already stated, particle agglomeration modelling is the next step to further op-
timise the performance of ultrasonic separator systems as designed in this study.
In general, particle properties are very important to determine the filtration effi-
ciency. The effects of changing particle sizes with agglomeration, the effect of
changing compressibility, non-perfect and non-rigid spheres and the use of soft
materials with larger dimensions (floc) still need investigation in order to obtain
the best solution for the future challenges in ultrasonic water treatment.
156 CHAPTER 10. SYNTHESIS AND FUTURE PERSPECTIVE
APPENDIX A. SENSITIVITY STUDY ON THE
FINAL DESIGN
The sensitivity study in Chapter 6 involved changes to three factors, while moni-
toring the changes to the performance criteria. The results of all 27 simulations is
shown in Table A.1. The before last column shows the minimum power required
to obtain 0.5 MPa average absolute pressure, while applying variable voltage (see
Appendix B). The associated frequency is shown in the last column. Note that
this frequency is generally not at the main eigenfrequency.
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Table A.1: Sensitivity of performance criteria to changes in the factors, changing all
factors simultaneously. The reference design is shown in bold.
Separator Matching Flow lane ¯|p| Re(Y ) AR Umax Ur Efficiency @freq
length layer lane (for
thickness height (0.5 MPa)
[mm] [mm] [mm] [MPa] [S] [-] [mm/s] [mm/s] [W] [MHz]
69.5 4.15 9.4 1.15 7.62 0.49 8 0.9 23 1.952
69.5 4.15 9.5 1.27 4.26 0.54 8 0.9 26 1.931
69.5 4.15 9.6 1.13 7.65 0.49 8 1.2 26 1.929
69.5 4.2 9.4 1.14 6.91 0.50 8 1.0 23 1.931
69.5 4.2 9.5 1.49 11.10 0.59 8 1.0 25 1.931
69.5 4.2 9.6 1.27 8.74 0.53 8 1.1 26 1.928
69.5 4.25 9.4 1.22 2.97 0.49 8 1.0 28 1.961
69.5 4.25 9.5 1.24 2.08 0.52 8 0.9 27 1.955
69.5 4.25 9.6 1.23 4.47 0.52 8 1.0 30 1.925
70 4.15 9.4 1.04 3.59 0.42 8 1.0 34 1.955
70 4.15 9.5 1.24 7.78 0.52 8 0.9 25 1.936
70 4.15 9.6 1.21 4.52 0.50 8 1.0 25 1.936
70 4.2 9.4 1.41 2.90 0.57 8 1.0 32 1.962
70.0 4.20 9.5 1.24 5.71 0.56 8 0.9 28 1.935
70 4.2 9.6 1.24 5.12 0.53 8 1.1 32 1.968
70 4.25 9.4 1.23 7.77 0.54 8 1.0 34 1.938
70 4.25 9.5 1.09 10.48 0.50 8 1.0 30 1.962
70 4.25 9.6 1.43 8.14 0.60 8 1.1 27 1.961
70.5 4.15 9.4 1.12 5.12 0.48 8 1.0 26 1.902
70.5 4.15 9.5 1.30 6.17 0.55 8 0.8 31 1.943
70.5 4.15 9.6 1.08 8.55 0.46 8 0.9 26 1.943
70.5 4.2 9.4 1.16 10.75 0.50 8 1.0 22 1.969
70.5 4.2 9.5 1.08 14.08 0.48 8 0.9 28 1.920
70.5 4.2 9.6 1.49 5.40 0.59 8 1.0 27 1.922
70.5 4.25 9.4 1.32 5.12 0.58 8 1.1 25 1.924
70.5 4.25 9.5 1.16 3.51 0.49 8 0.9 34 1.921
70.5 4.25 9.6 1.26 5.88 0.57 8 1.0 26 1.968
APPENDIX B. ENERGY CONSUMPTION OF
THE FINAL DESIGN
In Chapter 6 the voltage was kept constant at 10 V during all simulations. In
reality, voltage can be used to increase or decrease separation efficiency, thereby
also changing the energy consumption (power). Fixing the power and varying
voltage is another approach to the optimisation problem, however, with a different
result. One can also find a maximum (average) pressure to power ratio at fixed
voltage and adapt the voltage to obtain a certain lower pressure limit (e.g. 0.5
MPa), thus minimising power.
In the current (linear) model, for a given frequency f , Vrms is linearly related to
acoustic pressure p and thus also to ¯|p|, which can be written as
¯|p(f)| = α1(f)Vrms (B.1)
with α1(f) a function of frequency. Doubling the voltage thus doubles the acous-
tic pressure, but quadruples the power (energy consumption), given by
P (f) = V 2rmsRe(Y (f)) (B.2)
in which also Y (f) is a function of frequency and dependent on the piezoelectric
characteristics of the transducer, the acoustic properties of the separator materials
used and of the fluid, and the separator dimensions.
Combining B.1 and B.2 results in
P (f) =
¯|p(f)|2
α1(f)2
Re(Y (f)) (B.3)
In many cases the maximum average pressure is obtained at maximum real ad-
mittance, which occurs at the main eigenfrequency. This means that operation at
the eigenfrequency results in maximum power.
Assume that at least 0.5 MPa absolute average pressure is needed to trap particles,
so that
¯|p(f)| ≥ c1 (B.4)
159
160 APPENDIX B. ENERGY CONSUMPTION OF THE FINAL DESIGN
with c1 = 0.5[MPa]. Then
α1(f)Vrms ≥ c1 (B.5)
so that
Vrms ≥ c1
α1(f)
(B.6)
Combining B.2 and B.6 results in
P (f) ≥ c
2
1
α1(f)2
Re(Y (f)) (B.7)
Hence, P (f) is frequency dependent and can be minimised with respect to f
while maintaining a minimum acoustic pressure (c1 = 0.5MPa) in order to trap
particles. The before last column of Table A.1 shows the power needed for the
separators evaluated in the sensitivity study, when they are not operated at the
eigenfrequency. The power ranges from 22 to 34 Watt, depending on size and
frequency.
Figure B.1 shows the average absolute pressure at the eigenfrequency as well
as at minimum power for each device in the sensitivity study with the nominal
design encircled at the eigenfrequency and boxed at minimum power. The values
calculated are connected by the dashed lines for each device in order to show that
the minimum power is never obtained at the main eigenfrequency. The absolute
average pressure is generally 2-3 times lower when operated at minimum power.
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Figure B.1: Average absolute pressure for all 27 variations in the sensitivity study. The
pressure at the main eigenfrequency and the pressure at minimum power of the same
separator are shown.
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APPENDIX C. TURBIDITY AND EFFICIENCY
MEASUREMENTS
In Chapter 7 the mean results, confidence intervals and significance levels are pre-
sented. All measurements results are given in this appendix. The tables provide
the measurements of each sample for Stock, Concentrate (Conc.) and Filtrate
(Filt.), the average/mean, standard deviation (std) and 95% confidence interval
(CI).
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Table C.1: Runs: 2:30 minutes @ 60 mL/min (150 ml) and 30 s pause during which a
backwash of 20 s @ 150 ml/min took place. US magnitude = 17.5 V amplitude @ 1945
kHz @ 10W
Blank Sample Stock Conc. Filt.
1 313 338 331 280 276 270 310 308 317
2 362 359 342 253 275 266 299 285 312
3 314 318 328 296 309 322 314 325 315
mean 334 mean 283 mean 309
std 17 std 21 std 11
CI 13 CI 16 CI 8.4
Run 1 Sample Stock Conc. Filt.
1 368 311 377 594 589 606 176 165 173
2 352 378 336 458 442 465 180 176 174
3 412 352 358 541 505 459 175 169 180
mean 360 mean 518 mean 174
std 27 std 62 std 5
CI 21 CI 48 CI 3.5
Run 2 Sample Stock Conc. Filt.
1 379 383 386 603 659 694 176 170 174
2 327 363 364 455 508 573 177 200 156
3 362 377 373 534 581 604 150 170 150
mean 368 mean 579 mean 169
std 17 std 69 std 15
CI 13 CI 53 CI 11
t-test
Blank [S] vs [C] 0.000 [S] vs [F] 0.004
Run1 [S] vs [C] 0.000 [S] vs [F] 0.000
Run2 [S] vs [C] 0.000 [S] vs [F] 0.000
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Table C.2: Runs: 2:30 minutes @ 120 mL/min (300 ml) and 30 s pause during which a
backwash of 20 s @ 150 ml/min took place. US magnitude = 17.5 V amplitude @
1937-1942 kHz @ 10 W
Blank Sample Stock Conc. Filt.
1 319 324 296 335 346 341 316 336 346
2 332 301 312 323 351 325 337 354 363
3 342 286 296 418 389 378 335 299 310
mean 312 mean 356 mean 333
std 18 std 30 std 20
CI 14 CI 23 CI 15
Run 1 Sample Stock Conc. Filt.
1 317 340 346 549 665 619 268 285 264
2 321 314 303 461 516 431 264 276 264
3 342 325 256 457 520 563 288 281 241
mean 318 mean 531 mean 270
std 26 std 73 std 14
CI 20 CI 56 CI 10
Run 2 Sample Stock Conc. Filt.
1 317 352 379 641 685 685 246 236 270
2 319 375 383 581 605 608 291 292 291
3 307 362 329 552 562 571 281 278 288
mean 347 mean 610 mean 275
std 28 std 47 std 19
CI 21 CI 37 CI 15
t-test
Blank [S] vs [C] 0.004 [S] vs [F] 0.041
Run1 [S] vs [C] 0.000 [S] vs [F] 0.001
Run2 [S] vs [C] 0.000 [S] vs [F] 0.000
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Table C.3: Runs: 2:30 minutes @ 180 mL/min (450 ml) and 30 s pause during which a
backwash of 20 s @ 150 ml/min took place. US magnitude = 17.5 V amplitude @
1937-1942 kHz @ 10 W
Blank Sample Stock Conc. Filt.
1 307 336 334 347 318 322 314 360 358
2 343 333 354 313 317 335 346 330 339
3 334 333 362 359 352 332 348 327 331
mean 337 mean 333 mean 339
std 15 std 16 std 14
CI 11 CI 12 CI 11
Run 1 Sample Stock Conc. Filt.
1 305 288 288 396 400 376 309 280 332
2 328 316 338 318 367 357 299 279 273
3 293 319 301 310 338 352 272 271 272
mean 308 mean 357 mean 287
std 17 std 30 std 20
CI 13 CI 23 CI 16
Run 2 Sample Stock Conc. Filt.
1 283 289 292 338 364 328 274 221 243
2 301 268 324 296 291 298 240 229 241
3 288 296 292 263 275 265 232 214 219
mean 293 mean 302 mean 235
std 14 std 33 std 17
CI 11 CI 25 CI 13
t-test
Blank [S] vs [C] 0.556 [S] vs [F] 0.797
Run1 [S] vs [C] 0.002 [S] vs [F] 0.039
Run2 [S] vs [C] 0.469 [S] vs [F] 0.000
APPENDIX D. STEADY STATE
PARAMETER ESTIMATION
In Chapter 8 the steady state parameters were estimated. This appendix derives
the formulae needed to calculate these estimates.
In steady state, all time derivatives of the states S = [S1 S2 S3]T are equal to
zero:
dS
dt
= 0 (D.1)
Therefore, Equation 8.1 becomes
0 = Q1Sin−Q1S1ss + (1−α)K3S3ssV3−αk1S1ssV1− k2S1ssV1
Q1 + k4
(D.2)
Q1(S1ss − Sin) = (1− α)K3S3ssV3 − αk1S1ssV1 − k2S1ssV1
Q1 + k4
(D.3)
Equation 8.2 then becomes
0 = Q2Sin −Q2S2ss + k2S1ssV1
Q1 + k4
(D.4)
Q2(S2ss − Sin) = k2S1ssV1
Q1 + k4
(D.5)
and Equation 8.3, only valid when the acoustic field is switched off, becomes
0 = αk1S1ssV1 − (1− α)k3S3ssV3 (D.6)
In steady state this results in the following matrix form,−αS1ssV1 −S1ssV 1 (1− α)S3ssV30 S1ssV1 0
αS1ssV1 0 −(1− α)S3ssV3
 k1k2
Q1+k4
k3
 =
Q1(S1ss − Sin)Q2(S2ss − Sin)
0

(D.7)
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Furthermore two cases of operation exist: the acoustic field switched on and
acoustic field switched off. When α = 1 and assuming that Q1  k4, Equation
8.4 becomes:[
−S1ssonV1 −S1ssonV 1Q1
0 S1ssonV1Q1
] [
k1
k2
]
=
[
Q1(S1sson − Sin)
Q2(S2sson − Sin)
]
(D.8)
Consequently, the estimate of k1 and k2 are given by[
k1
k2
]
=
[
−S1ssonV1 −S1ssonV 1Q1
0 S1ssonV1Q1
]−1 [
Q1(S1sson − Sin)
Q2(S2sson − Sin)
]
(D.9)
=
[
−Q1(S1sson−Sin)+Q2(S2sson−SinS1ssonV1
Q1Q2(S2sson−Sin)
S1ssonV1
]
(D.10)
When the acoustic field is switched off (α = 0), Q1 also equals 0, so that0 −S1ssoffV 1 (1− α)S3ssoffV30 S1ssoffV1 0
0 0 −S3ssoffV3
k1k2
k4
k3
 =
 0Q2(S2ssoff − Sin)
0
 (D.11)
and thus the estimate of k4 is given by
k4 =
S1ssoffV1k2
Q2(S2ssoff − Sin) (D.12)
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PIV Particle Image Velocimetry 2.2.5
PMMA Polymethyl metacrylate, perspex 2.3.1
PVC Polyvinyl chloride, plastic 7.2.1
PZT Lead Zirconate Titanate, piezoelectric material 3.2
SDOF Single degree of freedom 2.1
US Ultrasound 3.3.1
USW Ultrasonic Standing Waves 2.1
Acoustofluidics
a Particle diameter [m] 2.1
x Space variable / position / displacement [m] 2.1
r Position (x,y,z) [m] 2.1
v Fluid velocity vector [m/s] 2.1
c Speed of sound [m/s] 2.1
p Pressure [Pa] 2.1
f Frequency [Hz] 2.1
k Wave number [1/m] 2.1
g Gravity vector [m/s2] 2.1
F Force [N] 2.1
Frad Acoustic radiation force vector [N] 2.1
Urad Acoustic radiation force potential [Nm] 2.1
Eac Acoustic energy density [J/m3] 2.1
E Young’s Modulus [N/m2] 4.2.3
Lp Sound level [dB] 2.3.2
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Symbol Description Defined in section
Vp Particle volume [m3] 2.3.2
α Attenuation [dB/m] 6.3.1
β Viscosity ratio [-] 2.1
η Dynamic viscosity [Ns/m2] 2.1
κ Compressibility [-] 2.1
φ Velocity potential [m2/s] 2.1
Φ Acoustic contrast factor [-] 2.1
ρ Density [kg/m3] 2.1
ω Angular frequency [rad/s] 2.1
∇ Gradient operator 2.1
Mechanics / Electronics
m Mass [kg] 2.1
b Damping coefficient [Ns/m] 2.1
k Stiffness [N/m] 2.1
L Inductance [henry] 2.1
R Resistance [Ω] 2.1
C Capacitance [farad] 2.1
X Reactance [Ω] 2.1
Y Admittance [S] 3.2
Z Impedance [Ω] 2.1
A Amplitude of vibration [m] 2.1
V Voltage, Electric potential [V] 3.2
I Current [A] 3.2
P Power [W] 3.4.1
Piezoelectrics
Q Quality Factor [-] 3.1
T Stress matrix [N/m2] 3.2.1
S Strain matrix [-] 3.2.1
E Electric field matrix [V/m] 3.2.1
D Electric displacement matrix [N/Vm] 3.2.1
u Displacement vector [m] 3.2.1
cE Stiffness constant matrix 3.2.1
e, eij Dielectric constant matrix, constant 3.2.1
d, dij Coupling matrix, constant 3.2.1
S , ij Permittivity matrix @ constant strain, constant 3.2.1
T , ij Permittivity matrix @ constant stress, constant 3.2.1
sE , sij Compliance matrix, parameter [m2/N] 3.2.1
kij Coupling factor [-] 3.1
qe Surface charge [C] 3.2.1
ηm Mechanical loss factor [-] 3.2.1
Nt Frequency constant for thickness [Hzm] 3.1
tan δ Dielectric loss factor [-] 3.1
β First order differential operator 3.2.1
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∆f Peak width @ half peak height [Hz] 3.4.1
Optimisation
n Normal vector 3.2.2
J Jacobian 3.3.3
b Estimator vector 3.3.3
F Residual vector 3.3.3
Cov Covariance (matrix) 3.3.3
σ2 Statistical variance 3.3.3
n Number of function evaluations 3.3.3
p Number of estimated parameters 3.3.3
U (Relative) Flow speed [m/s] 6.2.4
AR Area ratio [-] 6.2.4
hlane Lane height [m] 6.2.4
href Reference height [m] 6.2.4
Efficiency and Operational control
f Filtration efficiency [%] 7.2.4
c Concentration efficiency [%] 7.2.4
[S] Concentration of stock solution [mg/L] 7.2.4
[C] Concentration of concentrate [mg/L] 7.2.4
[F ] Concentration of filtrate [mg/L] 7.2.4
Ci Compartment i of separation chamber 8.3.2
Si Particle concentration in compartment Ci 8.3.2
Vi Volume of compartment Ci 8.3.2
Q Flow rate [m3/s] 8.3.2
kj Rate coefficient j 8.3.2
α Digital on/off switch parameter 8.3.2
Y System output vector 8.3.2
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SUMMARY
Due to limited water resources available in the world and the ever growing world popula-
tion, there is an increasing need for water recycling, recovery and multi-sourcing strate-
gies. In general, some sort of water treatment is needed when recycling water, in order
to obtain the water quality needed. This water treatment often consists of several steps,
called "unit operations", which can be divided into chemical, biological or physical pro-
cesses and hybrids thereof.
The increasing need for water drives the innovation of new technology. One of the new
physical process technologies being investigated for water purification and/or constituent
recycling is ultrasonic particle separation. This technology is especially interesting for
harvesting particles with an almost neutral buoyancy. An ultrasonic particle filter does
not use a filter medium, like sand or a membrane, but filters on a basis of acoustic forces,
which are able to immobilise particles in flowing water. The acoustic waves inside the
fluid are reflected and scattered by the suspended particles, because the particles have dif-
ferent sound propagation properties than the surrounding fluid. This scattering results in
a net acoustic force on the particles, forcing them toward acoustic pressure nodes or anti-
nodes, depending on the particle properties with respect to the fluid. A state of acoustic
resonance inside a separation chamber improves the separation efficiency, because forces
(and pressures) resulting from standing waves are much higher than forces from travel-
ling waves. The technique was demonstrated in ambient air with an experimental setup
consisting of a signal generator, an audio amplifier, four small speakers and large, mm-
size, polystyrene particles. The actual separation process, lining up the particles in the
nodal lines of the standing wave field, occurred at 12.6 kHz in a matter of milliseconds.
Studies on acoustic separation are nowadays mainly focused on particle manipulators
1, including particle sorting (on the basis of their physical properties) and positioning of
particles for sensing purposes. Few studies were performed on larger scale acoustic filters
for water purification purposes. Therefore, the objective of this study was to develop an
ultrasonic separation device for particle recovery and water purification. This separator
should be fit for industrial applications treating cubic meters of water per hour.
In order to reach this objective, a combined numerical-experimental approach was pro-
posed to develop a model-based design of an ultrasonic separator. Each individual com-
ponent of this separator was modelled using a finite element (FE) approach. The numer-
ical simulations were continuously cross-checked with experimental findings in a design
loop in order to find the best solution possible.
1A manipulator is able to control the position and orientation of a particle by specific changes
to the acoustic field.
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In this thesis, the source of the acoustic wave is a piezoelectric transducer. The trans-
ducer is attached to a glass matching layer of the acoustic cavity, which vibrates with the
transducer and couples the transducer to the fluid inside the cavity, forming an acoustic
resonator/separator. In order to obtain a valid transducer model, a limited set of material
parameters for the piezoelectric transducer were obtained from the manufacturer, thus
preserving prior physical knowledge to a large extent. The remaining unknown parame-
ters were estimated from impedance (admittance) analysis with a simple experimental
setup combined with a numerical optimisation routine using 2D and 3D FE models.
Thus, a full set of physically interpretable material parameters was obtained. The ap-
proach provided adequate accuracy of the estimates of the material parameters, near 1%.
A sensitivity study showed that small variations of 1% in the main parameters caused
changes near 1% in the eigenfrequency, but changes up to 7% in the admittance peak,
thus influencing the efficiency of the system.
A similar approach as used for the transducer was applied to an existing ultrasonic sep-
arator. The separator was calibrated and validated with the admittance measured on the
transducer using non-linear optimisation techniques, again preserving known physical
parameters and estimating the remaining unknown or less certain parameters. The re-
sults showed that the approach led to a fully calibrated 2D model of the empty separator,
which was subsequently validated with experiments on a filled separator chamber. The
large sensitivity of the separator to small variations indicated that either such system
should be made and operated within tight specifications to obtain the required perfor-
mance. Alternatively, the operation of the system should be adaptable to cope with a
slightly off-spec system, requiring a feedback controller.
Starting from a fully characterised existing separator with all material parameters found
so far, the subsequent step was the actual design of, or extrapolation to, a new sepa-
rator. A basic design for an industrial scale acoustic separator was obtained based on
simulated flow characteristics inside the separation chamber, on acoustic analysis within
the chamber and simulated particle trajectories combining these two analyses. Results
showed that positioning the piezoelectric transducer surfaces perpendicular to the flow
direction and introducing chamber partitioning with multiple flow lanes to enforce lami-
nar flow, resulted in high particle retention. The average particle displacement was found
to be related to acoustic pressure in the fluid, showing large retention at peak pressures
above 1 MPa or average pressures above 0.5 MPa for small (10 µm), near buoyant (1100
kg/m3) particles at a flow speed of 3.5 cm/s, thus providing comprehensible criteria for
subsequent optimisation.
This basic ultrasonic standing wave separator design was optimised with respect to sep-
aration efficiency, throughput and energy consumption. More than 300 finite element
model simulations were run, in which acoustics, flow characteristics, particle retention
and energy demand were evaluated. The methodology, using a design of experiments
(DOE) approach, showed that it was possible to improve system performance based on
acoustic pressure profiles, separation efficiency and flow robustness. Compromising the
energy consumption and aiming for maximum separation efficiency with a laminar stable
flow up to 5 ml/s resulted in a separator with inner dimensions of 70 mm length, 20 mm
width and 28.5 mm height using two transducers perpendicular to the direction of flow
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and three parallel flow lanes with 9.5 mm height each. The lowest power consumption
(with an average of 30 W) with adequate pressure to trap the particles was obtained when
it was not operated at the main eigenfrequency.
Finally, this new ultrasonic particle filter was built and evaluated experimentally. The
particle filter was a three channel device, manufactured from glass with four in/outlet
ports made of ABS. It was operated in sequenced batch mode - 150 s of filtering followed
by a 20 s backwash with filtrate, which removed the collected particles from the separator
as concentrate. The separation efficiency was determined at three flow rates ranging
from 1 to 3 ml/s, using a stock suspension of insoluble potato starch of 1 g/l (1000
ppm). Concentrations of stock, filtrate and concentrate were measured using a turbidity
meter and significant effects of acoustic particle concentration were measured at both
outlets of the process. The maximum filtration efficiency and concentration efficiency
were 54% and 76%, respectively. The performance found was lower than the 100% that
was expected for 10 µm particles from the model based design study. The deviation
in performance is mainly a result of (i) the pulsation of the feed pump, (ii) differences
between the model and the actual prototype, (iii) the limited power supply of only 10 W
used and (iv) (too) small particles, below 10 µm, occurring in the starch suspension.
The best dimensions for an acoustic separator were obtained, but thus far operational
characteristics were not yet studied. Operational characterisation and optimisation is the
last step in the process of obtaining the best possible solution for operation. Therefore, in
the initial stage of the study, a commercially available acoustic separator, named BioSep,
which employs ultrasound enhanced sedimentation, was used. With the aim to achieve a
high separation efficiency with minimal energy consumption, a model-based open-loop
switching control strategy was designed for the BioSep, using a numerical-experimental
approach. Firstly, a dynamic BioSep model structure was derived from mass balances
and its system properties were studied. Then, the unknown system parameters were esti-
mated from steady state and dynamic experimental data and subsequently, the switching
times of the control input were determined. The model with switching control outputs
was then validated by experiments. Finally, the control strategy was implemented in an
experimental setup and tested using suspended potato starch. Results showed that the
optimal control strategy reached a mass separation efficiency of 96%, which was an im-
provement of 4% with respect to the initial settings, while using less energy. Extension
towards the design of a feedforward / feedback control strategy and application of the
newly developed separator is recommended.
Concluding, a stepwise numerical-experimental approach to acoustic separator design
was presented in this study. Each physical layer in the separator was modelled and val-
idated with experiments, starting with the piezoelectric transducer up to the acoustics
and flow inside the resonator cavity. A model-based design optimisation was performed
using a Design of Experiments (DOE) method. The resonator had a theoretical parti-
cle retention of 100% at a flow rate of 5 ml/s (18 l/h) using particles with a diameter
of 10 µm and a density of 1100 kg/m3. The minimum power required was estimated
to be 22-34 W, resulting in an average electric energy consumption of 1-1.5 kWh/m3.
The practical concentration efficiency obtained was 76% at a flow rate of 2 ml/s and a
filtration efficiency of 54% at 1 ml/s with a real power input of 8.8 W. An optimal open
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loop control strategy showed that it is possible to operate an acoustic separator with high
separation efficiency using the least power possible. Parallelisation, instead of enlarging
the separator, is recommended to scale this system up to larger, industrial flows.
SAMENVATTING
Aangezien de watervoorraden op aarde beperkt zijn en de wereldbevolking groeit, is er
een steeds grotere behoefte aan hergebruik van water, terugwinning van water en het
gebruik van meerdere bronnen voor onze watervoorziening. Meestal is er bij waterher-
gebruik wel een vorm van waterzuivering nodig om de benodigde waterkwaliteit te krij-
gen. Deze zuivering bestaat vaak uit meerdere stappen, zogenaamde ’proceseenheden’,
die onderverdeeld worden in chemische, biologische of fysische processen of hybriden
daarvan.
De toenemende vraag naar water leidt tot nieuwe technologische innovaties. Eén van
de nieuwere, fysische technieken die onderzocht wordt als methode om water te zuive-
ren of stoffen daaruit terug te winnen, is ultrasone deeltjesscheiding. Deze techniek is
met name interessant voor zwevende deeltjes, die nauwelijks bezinken of opdrijven. Een
ultrasone deeltjesseparator gebruikt geen filtermateriaal, zoals zand of een membraan,
maar filtert op basis van akoestische krachten, die deeltjes in het water kunnen tegenhou-
den in het verder stromende water. Deze akoestische krachten op zwevende deeltjes zijn
een resultante van geluidsgolven, die weerkaatst en verstrooid worden door de deeltjes
zelf, omdat deze deeltjes andere akoestische eigenschappen hebben dan de vloeistof of
het gas, waarin ze zich bevinden. Akoestische resonantie in de separator verbetert de effi-
ciëntie van het proces, omdat krachten en drukken in het akoestisch veld van een staande
golf veel hoger zijn dan in het akoestisch veld van een lopende golf. De techniek werd
gedemonstreerd in lucht met een experimentele opstelling, die bestond uit een signaal-
generator, een audioversterker, vier kleine luidsprekertjes en grote (mm) piepschuimbol-
letjes. De scheiding van de bolletjes, waarbij deze in de knooplijnen van de staande golf
kwamen te liggen, vond plaats binnen enkele milliseconden bij een frequentie van 12.6
kHz.
Onderzoek naar akoestische scheidingsmethoden richt zich vandaag de dag vooral op
het (be)sturen van de deeltjes zelf, inclusief het sorteren van deeltjes (op basis van de
akoestische eigenschappen), en op het positioneren van deeltjes, zodat ze gemakkelijker
gedetecteerd kunnen worden. Een zeer beperkt aantal onderzoeken richt zich op groot-
schalige toepassingen voor waterzuivering. Daarom was het doel van dit onderzoek om
een ultrasone separator te ontwikkelen voor het terugwinnen van zwevende stof uit water
en zuivering van het water zelf. De separator moet geschikt zijn voor industriële toepas-
singen, waarbij kubieke meters water per uur behandeld kunnen worden.
Om dit doel te bereiken, werd een numeriek-experimentele methode gekozen, waarmee
de separator op basis van modelvorming ontworpen kon worden. Elk onderdeel van de
separator werd gemodelleerd met eindige elementen (FE), waarbij de numerieke resulta-
ten steeds kruislings gecontroleerd werden met experimentele resultaten, zodat met deze
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ontwerpcyclus de meest optimale oplossing gevonden werd.
In dit onderzoek werd een piezoelektrische geluidsbron gebruikt. Dit piezo-elektrische
plaatje, kortweg piezo genoemd, zat vastgeplakt aan de glazen buitenwand van de akoes-
tische separator, die daardoor in trilling werd gebracht en de trilling overbracht van de
geluidsbron en de vloeistof, die zich in de separator bevond. Deze componenten samen
vormden de resonator/separator. Om een gevalideerd model van de piezo te maken, wer-
den de door de fabrikant gespecificeerde materiaalparameters zoveel mogelijk gebruikt
in het model, zodat reeds bestaande kennis zoveel mogelijk in het model geïntegreerd
was. De overige onbekende parameters werden op basis van impedantie- (admittantie-
)metingen geschat, door deze metingen te koppelen met een numerieke optimalisatierou-
tine met 2D en 3D FE-modellen van de piezo. Op die manier werd een set materiaalpa-
rameters verkregen, die ook fysisch te interpreteren was. Deze werkwijze resulteerde in
een nauwkeurigheid van 1% voor de geschatte parameters, hetgeen voldoende was. Een
gevoeligheidsanalyse toonde aan dat door kleine veranderingen van 1% in de belangrijk-
ste, geschatte parameters, de eigenfrequentie met 1% veranderde, maar de admittantie
zelfs tot 7% kon veranderen. Deze verandering van de admittantie is direct van invloed
op de efficiëntie van het systeem.
Eenzelfde modelmatige benadering, zoals toegepast werd op de piezo, werd ook gebruikt
voor het model van een bestaande ultrasone separator. Het model werd gekalibreerd en
gevalideerd met behulp van de elektrische admittantie, die aan de piezo van deze sepa-
rator werd gemeten. Om de onbekende parameters te schatten, werd ook hier gebruik
gemaakt van niet-lineaire optimalisatie, terwijl de reeds bekende parameters onveran-
derd bleven. Het resultaat leidde tot een volledig gekalibreerd 2D model van de lege
separator, dat vervolgens werd gevalideerd met metingen aan een gevulde separator. De
grote gevoeligheid van het model voor kleine parametervariaties, echter, toonde aan dat
dergelijke systemen of met grote nauwkeurigheid gebouwd en bestuurd moeten worden
om de vereiste prestatie te halen, of dat de aansturing van het systeem moet kunnen com-
penseren voor kleine afwijkingen, waarbij een regeling met terugkoppeling nodig is.
Met een volledig gekarakteriseerd model van een bestaande separator als startpunt, kon
de volgende stap gezet worden door het model te extrapoleren naar een nieuw ontwerp.
Het basisontwerp voor een industriële separator werd bepaald op basis van simulaties
van de vloeistofstroming in het systeem, het gesimuleerde akoestische veld en de ge-
simuleerde deeltjesverplaatsing. De laatst genoemde simulatie maakte gebruik van de
resultaten uit de twee eerder genoemde simulaties. De resultaten toonden aan dat het po-
sitioneren van de piezo loodrecht op de stromingsrichting en het verdelen van de vloei-
stofstroming over meerdere kanalen een hoge mate van deeltjesretentie gaf. Bovendien
bleek de gemiddelde deeltjesverplaatsing gecorreleerd te zijn met de akoestische druk in
de vloeistof. Een hoge mate van deeltjesretentie werd gevonden bij een maximale druk
boven de 1 MPa of een gemiddelde absolute druk boven de 0.5 MPa voor kleine (10 µm),
zwevende (1100 kg/m3) deeltjes bij een stroomsnelheid van 3.5 cm/s. Deze duidelijke
criteria konden gebruikt worden voor de hieropvolgende optimalisatie.
De basisconfiguratie werd geoptimaliseerd op basis van scheidingsefficiëntie, debiet en
energieverbruik. Meer dan 300 FE-modelsimulaties werden uitgevoerd, waarin akoes-
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tiek, stroming, deeltjesretentie en energieverbruik werden geëvalueerd. De gebruikte
experimentele ontwerpmethode toonde aan dat het mogelijk was om de prestaties van
het systeem te verbeteren op basis van akoestische drukprofielen, scheidingsefficiëntie
en robuustheid van de stroming. De maximale efficiëntie werd bereikt met een stabiele,
laminaire stroming van 5 ml/s in een separator met binnenafmetingen van 70 mm lengte,
20 mm breedte en 28.5 mm hoogte, met twee piezo’s aan beide zijden, die loodrecht op
de stromingsrichting stonden, en met drie parallelle kanalen van elk 9.5 mm hoog. Het
laagst mogelijke vermogen (gemiddeld 30W), waarbij voldoende druk werd bereikt om
deeltjes vast te houden, werd bereikt als het systeem niet op de primaire eigenfrequentie
draaide.
De laatste stap was de evaluatie van de efficiëntie van het nieuwe separatorontwerp. Het
deeltjesfilter had drie kanalen en werd gefabriceerd van glas met vier in-/uitgangen, die
van ABS waren gemaakt. Het systeem draaide met opeenvolgende batches - na 150 s
filteren werd er 20 s lang teruggespoeld met filtraat, waarmee de verzamelde deeltjes uit
de separator werden afgevoerd als concentraat. De efficiëntie werd bepaald met een aard-
appelzetmeelsuspensie van 1 g/l bij drie stroomsnelheden van 1-3 ml/s. De concentraties
van de ingaande stroom, filtraat en concentraat werden gemeten met een turbiditeits-
meter en de akoestische scheiding was significant meetbaar aan beide uitgangen. De
maximale filterefficiënctie was 54% voor het filtraat en 76% voor het concentraat. Deze
uitkomst was lager dan de 100% die op basis van het model voor 10 µm deeltjes zou
moeten gelden. De verschillen in prestatie waren met name te wijten aan (i) pulsering
van de voedingspomp, (ii) verschillen tussen model en het gebouwde prototype, (iii) on-
voldoende toegevoerd vermogen van slechts 10 W en (iv) de (te) kleine deeltjes, onder
de 10 µm, die in de zetmeelsuspensie aanwezig waren.
Hoewel de optimale afmetingen van een akoestische separator nu bepaald waren, was de
operationele werking van het systeem nog niet bestudeerd. Het karakteriseren en de opti-
malisatie van het filtratieproces was de laatste stap in een zoektocht naar de best werkende
oplossing. Om dit te bereiken werd (reeds in een vroeg stadium van het onderzoek) een
commercieel beschikbare akoestische separator ingezet, de BioSep, die gebruik maakt
van versnelde sedimentatie met ultrageluid. Met als doel om een hoge scheidingsefficiën-
tie te vinden bij een zo laag mogelijk energieverbruik, werd een modelmatige open-loop
aan/uit schakeling ontworpen voor BioSep met een numeriek-experimentele benadering.
Eerst werd een dynamisch model van BioSep gemaakt, afgeleid uit massabalansen, waar-
mee de systeemkarakteristieken bestudeerd werden. Daarna werden de onbekende sys-
teemparameters geschat uit steady-state en dynamische testgegevens en daarna werden
de schakeltijden bepaald. Met het model werd de concentratie aan de uitgang berekend
en vervolgens gevalideerd met experimenten. Als laatste werd de gevonden regelstra-
tegie in een experimentele opstelling geïmplementeerd en getest met aardappelzetmeel.
Een scheidingsefficiëntie van 96% werd daarbij gehaald, hetgeen een verbetering was
van 4% ten opzichte van de basisinstelling, terwijl er minder energie werd verbruikt. Een
aanbeveling is om de regelstrategie uit te breiden met een terugkoppeling en toe te passen
op de nieuwe separator.
Samengevat werd in deze studie een stapsgewijze, numeriek-experimentele benadering
gebruikt om een akoestische separator te ontwerpen. Elk onderdeel in de separator werd
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gemodelleerd en met experimenten gevalideerd, te beginnen bij de piezo tot en met de
akoestiek in de resonator en de vloeistofstroming. Optimalisatie van het ontwerp werd
met behulp van een experimentele ontwerpmethode gedaan. De resonator had een the-
oretische deeltjesretentie van 100% bij een debiet van 5 ml/s (18 l/u) voor deeltjes van
10 µm en een dichtheid van 1100 kg/m3. De energie die minimaal nodig was, werd ge-
schat op 22-34 W, hetgeen een energieverbruik van 1-1.5 kWh/m3 zou betekenen. In de
praktijk werd een efficiëntie van 76% behaald voor de concentraatstroom bij een debiet
van 2 ml/s en 54% bij 1 ml/s voor de filtraatstroom bij een reëel vermogen van 8.8 W. Er
werd aangetoond dat een hoge scheidingsefficiëntie bereikt kan worden met zo min mo-
gelijk vermogen door gebruik te maken van een optimale open-loop regelstrategie. Om
industriële debieten aan te kunnen, is het aan te raden om meerdere systemen parallel te
schakelen, in plaats van de afmetingen van de separator zelf te vergroten.
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